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on these areas specifically to provide the architectural and structural knowledge 
which must be taken into account in order to design tall buildings successfully. In 
presenting examples of steel, reinforced concrete and composite structural systems for 
such buildings, it is shown that wind load has a very important effect on the architec- 
tural and structural design. The aerodynamic approach to tall buildings is considered 
in this context, as is earthquake induced lateral loading. 

Case studies of some of the world’s most iconic buildings, illustrated in full colour, 
will bring to life the design challenges which they presented to architects and struc- 
tural engineers. The Empire State Building, the Burj Khalifa, the Taipei 101 and the 
Pirelli Building are just a few examples of the buildings whose real-life specifications 
are used to explain and illustrate core design principles, and their subsequent effect 
on the finished structure. 
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PREFACE 


The aim of this book is to provide basic architectural and structural knowledge about 
the design of tall buildings. In presenting examples of the steel, reinforced concrete 
and composite structural systems for such buildings, it is argued that wind load has 
a very important effect on the architectural and structural design. The aerodynamic 
approach to tall buildings is considered in this context. The main readership of the 
book is intended to be architects, structural engineers, and their trainees. In addition, 
the book has been written to be accessible, as far as possible, to general readers inter- 
ested in tall buildings by using plain language. 

Wind and earthquake induced lateral loads have an influential role in the architec- 
tural and structural design of tall buildings. In particular, architectural design plays a 
large part in the precautions that can be taken to resist wind load. The aerodynamic 
efficiency of the building form — implicitly including the architectural concerns — and 
the selection of the structural system significantly affect the resistance offered by a 
building against lateral loads. The design of tall buildings necessitates that architects 
have a basic understanding of structural systems and aerodynamic forms of buildings, 
and that during the design process they work together with experts in other relevant 
fields, especially with regard to the structures and aerodynamics. Otherwise, it is 
possible that structural and aerodynamic solutions produced after the completion of 
the architectural design may be economically costly or even impossible to implement. 

The book outlines the essential information that architects and structural engineers 
need in order to design tall buildings. In the first chapter, tall buildings are defined 
and their historical development is discussed; in the second chapter, wind and earth- 
quake induced lateral loads on tall buildings are examined; in the third chapter, the 
structural systems of tall buildings are considered; in the fourth chapter, case-studies 
of a number of well-known tall buildings are presented; in the fifth chapter, the effect 
of wind on tall buildings is assessed; and in the final chapter, design approaches to 
resist wind effects on tall buildings are reviewed. 
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INTRODUCTION 


Throughout history, human beings have built tall monumental structures such as 
temples, pyramids and cathedrals to honour their gods. Human beings have always 
been struggling to push the limits of nature in their age-old quest for height, from the 
legendary Tower of Babel in antiquity, purportedly designed with the aim of reaching 
heaven, to today’s tallest building. Today’s skyscrapers are monumental buildings too, 
and are built as symbols of power, wealth and prestige. 

At the beginning of the twentieth century, tall buildings were generally designed as 
offices, and achieved an important position as a “distinguished space” in the history 
of American urban architecture. These buildings emerged as a response to the rapidly 
growing urban population, with the aim of meeting the demand for office units to be 
positioned as closely as possible to one another. Architects’ creative approaches in 
their designs for tall buildings, the shortage and high cost of urban land, the desire to 
prevent disorderly urban expansion, the effort to create a skyline concept, and factors 
such as concerns for a cultural identity and for prestige have driven the increase in 
the height of buildings. 

Today it is almost impossible to imagine a major city without tall buildings. As the 
most important symbols of today’s cities, tall buildings have become a source of faith 
in technology and national pride, and have changed the concept of the modern city 
along with its scale and appearance. Despite the fact that tall buildings have moved 
city life away from the human scale, in general it is accepted that these buildings are 
an inevitable feature of urban development. 

In the past, the forms used in design were restricted but currently freedom in 
the design of tall buildings has significantly increased, along with a contemporary 
widening of the form spectrum in design. Tall buildings today, designed with the aid 
of advanced computer technologies, are built with exceedingly daring architectural 
and structural designs that are almost never found in their predecessors. 

The most important factors enabling the construction of tall buildings are devel- 
opments and innovations in the following areas: materials, construction techniques, 
operating (mechanical) systems, structural systems and analysis, but at the same time, 
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the increase in the height of buildings makes them vulnerable to wind and earthquake 
induced lateral loads. 

Essentially, in tall building design, which aims to respond to the needs of the 
occupants, in addition to structural safety, standards of occupancy comfort (service- 
ability) are also among the foremost design inputs. Excessive building sway due 
to wind can cause damage to non-structural elements, the breakage of windows, 
the shortening of fatigue life, the malfunction of elevators and other mechanical 
equipment, and damage to, or even the failure of, a structural system. In this regard, 
wind induced building sway affects both the structural safety and the serviceability 
of a building, and is thus a critical variable in the design of tall buildings. As a result, 
building sway becomes a serious problem for designers as much as for occupants, 
and during windstorms it is necessary to keep it within acceptable limits, especially to 
reduce the discomfort felt by occupants on the top floors to a minimum and to prevent 
the negative outcomes discussed above. 

Much research has been done with the aim of improving the performance of 
buildings against wind loads. With the aim of controlling wind induced building 
sway and fully ensuring the functional performance of tall and slender buildings, the 
following approaches are used: 


1. Architectural design approach: aerodynamic-based and structure-based design. 

2. Structural design approach: shear-frame, mega column, mega core, outriggered 
frame and tube systems. 

3. Mechanical design approach: auxiliary damping systems. 


The design of tall buildings is a complex subject that requires interdisciplinary 
collaboration and teamwork at an advanced level, and architects need to be aware of 
this fact. In tall building design, the increase in the dimensions of structural elements, 
differences in the structural system and the operating (mechanical) systems, and the 
aerodynamic/structure-based building form, are foremost in their effect on architec- 
tural and structural design. When architects take into account basic aerodynamic 
principles, the reduction of wind induced building sway plays an important role. 
Thus it reduces costs by lowering the demands on the structural system and the 
auxiliary damping system substantially, and at the same time it reduces to a minimum 
the modifications that may be required after wind tunnel testing. In considering the 
critical role played by wind and earthquake induced lateral loads in design decisions 
for tall buildings, it is vital to consider architectural design alongside structural design 
and aerodynamic design approaches. As a result, it becomes difficult to speak of 
architects as having a satisfactory degree of freedom in designing tall buildings. In this 
context, according to the authors, “Skyscraper design is inevitably the output of inter- 
disciplinary teamwork, led by the architect, who takes structural and aerodynamic 
issues into consideration while struggling not to sacrifice the architectural design.” 
The altitudes that have been possible to reach, from the late nineteenth century 
to the present, are as follows: in 1885 the first acknowledged skyscraper, the Home 
Insurance Building (Chicago) reached 55m; in 1931, the Empire State Building (New 
York) reached 381 m; and in 2010, the Burj Khalifa (Dubai) reached 828m. Today, the 
race for height continues at an accelerating pace, thanks to innovations and advances 
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in structural analysis and design, and improvements in high-strength materials and 
construction technology. This race strains the boundaries, engendering new architec- 
tural and engineering problems that need to be solved. Thus architects have design 
freedom, but only to the limits of what is possible in engineering and technology. In 
order to solve the problems created by the increasing heights of buildings, an architect 
has an aesthetic struggle with limited design freedom, since the structural strength of 
a building and the loads to which it is exposed affect the choice of form to a great 
degree, and other engineering disciplines, especially structural and aerodynamic 
disciplines, also contribute to the design during collaborative teamwork. 

In skyscraper design, from the beginning, notions of “uniqueness” and “being a 
symbol” have usually been very important. Most skyscrapers make their mark and 
are thought to be successful to the extent to which these notions are reflected in the 
design, along with the height of the building. 

The following are mentioned as prominent designs: 


e World Trade Center Twin Towers (New York, 1972), facade 

e Chrysler Building (New York, 1930) and the Empire State Building (New York, 
1931), sculptured building top 

e John Hancock Center (Chicago, 1969), tapered (truncated pyramid) form and a 
structural expressionist trussed-tube structure 

e Willis Tower (Chicago, 1974), structural expressionist bundled-tube form 

e Taipei 101 (Taipei, 2004), bamboo form 

e Burj Khalifa (Dubai, 2010), flower form 

e HSB Turning Torso (Malmö, 2005) and the Chicago Spire (Chicago, under 
construction), twisted form. 


Thus, in the continual race for height, city skylines are being shaped by unconven- 
tional forms. 
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TALL BUILDINGS 


“Tall building”, “high-rise building” and “skyscraper” are difficult to define and 
distinguish solely from a dimensional perspective because height is a relative matter 
that changes according to time and place. While these terms all refer to the notion 
of very tall buildings, the term “skyscraper” is the most forceful. The term “high-rise 
building” has been recognised as a building type since the late nineteenth century, 
while the history of the term “tall building” is very much older than that of the term 
“high-rise building”. As for the use of the term “skyscraper” for some tall/high-rise 
buildings reflecting social amazement and exaggeration, it first began in connection 
with the 12-storey Home Insurance Building, built in Chicago towards the end of the 
nineteenth century (Harbert, 2002; Peet, 2011). 


1.1 Definition 


There is no general consensus on the height or number of storeys above which 
buildings should be classified as tall buildings or skyscrapers. The architectural/ 
structural height of a building is measured from the open-air pedestrian entrance to 
the top of the building, ignoring antennae and flagpoles. According to the CTBUH! 
(Council on Tall Buildings and Urban Habitat), buildings of 14 storeys or 50 metres’ 
height and above could be considered as “tall buildings”; buildings of 300 metres’ 
and 600 metres’ height and above are classified as “supertall buildings” and “megatall 
buildings” respectively. The CTBUH measures the “height to architectural top” from 
the level of the lowest “significant open-air pedestrian entrance” to the architectural 
top of the building, including spires, but not including antennae, signage, flag poles 
or other functional-technical equipment. In this book, this height measurement is used 
for the “architectural height” of the buildings. 


1 CTBUH, Council on Tall Buildings and Urban Habitat, Illinois Institute of Technology, S.R. Crown Hall, 
3360 South State Street, Chicago, Illinois, USA, www.ctbuh.org. 
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According to the Emporis Standards, buildings of 12 storeys or 35 metres’ height 
and above, and multi-storey buildings of more than 100 metres’ height, are classified 
as “high-rise buildings” and “skyscrapers” respectively (Emporis Data Standards ESN 
18727, ESN 24419).? 

According to Ali and Armstrong, the authors of Architecture of Tall Buildings 
(1995), 


the tall building can be described as a multistorey building generally constructed 
using a structural frame, provided with high-speed elevators, and combining 
extraordinary height with ordinary room spaces such as could be found in 
low-buildings. In aggregate, it is a physical, economic, and technological 
expression of the city’s power base, representing its private and public 
investments. 


Beedle (1971) defines a “tall building” as a multi-storey building that requires 
additional construction techniques because of its extraordinary height. 

Tall buildings are defined: by structural designers as buildings that require an 
unusual structural system and where wind loads are prominent in analysis and design; 
by architectural designers as buildings requiring interdisciplinary work in particular 
with structural designers, and with experts in the fields of aerodynamics, mechanics 
and urban planning that affect design and use; and by civil engineers as buildings 
needing unusual and sophisticated construction techniques. 

The first use of the word “skyscraper” in the sense of “tall building” was in an 
article published in 1883 in the journal American Architect, appearing as “America 
needs tall buildings; it needs skyscrapers” (Giblin, 1981). While Ada Louise Huxtable 
(1984) emphasises that tall buildings are symbols of our age and that the words 
“skyscraper” and “twentieth century” have an equivalent meaning, César Pelli (1982) 
defines a skyscraper as a supertall building and highlights the word “super” within this 
definition as changing according to time and place. Structures such as the Eiffel Tower 
(Paris, 1889) cannot be classified as skyscrapers because of the lack of a habitable 
interior space. 

In the view of the authors of this book, “tall building or high-rise building” is a 
local concept and “skyscraper or supertall building” is a global concept. To be able to 
define a tall building as a skyscraper or supertall building, it is not sufficient for it only 
to be tall in its own region; it is necessary for it to be recognised around the world as 
a skyscraper or supertall building. In this context skyscraper or supertall building is 
distinguished as being higher than tall or high-rise building. 


1.2 Emergence and historical development 


No other symbols of the modern era are more convincing than the gravity defying, 
vertical shafts of steel, glass, and concrete that are called “skyscrapers.” 
(Harbert, 2002) 


2 Emporis, Emporis Corporation, A Global Building Information Company, Theodor-Heuss-Allee 2, 60486 
Frankfurt, Germany, www.emporis.com. 


www.EngineeringBooksPDF.com 


Tall buildings 7 


Like the Greek temples or the Gothic cathedrals that were the foremost building 
types of their own ages, skyscrapers have become iconic structures of industrial 
societies. These structures are an architectural response to the human instincts, egos 
and rivalries that always create an urge to build higher, and to the economic needs 
brought about by intense urbanisation. 

Architects make a contribution to the social and economic changes of the age, 
reflecting the environment they live in with their designs and creating a development/ 
evolution by developing new styles or building types. In addition, underlying the first 
appearances of skyscrapers in Chicago was a social transformation triggered by the 
economic boom of that era and by the increase in value of urban building plots. The 
concentrated demand for increasing incorporation in city centres, together with the 
intensification of business activity and the rise in the values of capitalism, necessitated 
the creation of a new, unusually high building type which had the large spaces that 
could meet these demands — and many such buildings were produced using extraor- 
dinary forms and techniques. 

In the masonry construction technique that was employed before the development 
of rigid frame (beam-column framing) systems, load-bearing masonry walls were 
used structurally, which, although they had high levels of fire resistance, reduced 
the net usable area because of their excess dead loads and wide cross-sections. 
The 64 metres, attained towards the end of the nineteenth century by the 17-storey 
Monadnock Building (Chicago, 1891), is the highest point that this construction 
technique was able to reach (Figure 1.1). The structure used 2.13 m thick load-bearing 
masonry walls at the ground floor, and was the last building to be built in the city 
using this technique. 


FIGURE 1.1 Monadnock Building, Chicago, USA, 1891 
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The advance in construction technology has played a much more important role in the 
development of tall buildings than in the case of other types of structure. At the end 
of the nineteenth century, beginning with the discovery of the elevator for the vertical 
transportation system, and structural metal (cast iron which was soon replaced by 
steel) beam-column framing system, the construction of tall buildings commenced as 
an American building type owing to innovations and developments in new structural 
systems, high-strength concrete, foundation systems and mechanical systems; this 
continues to drive the race for height in skyscrapers that is spreading across the world. 

The Home Insurance Building (Chicago, 1885) (Figure 1.2), designed by engineer 
William Le Baron Jenney with 12 storeys (2 storeys were added later), is recognised 
as being the first skyscraper. The use of a structural frame in the building won it the 
title of the first skyscraper, marking a new epoch in the construction of tall buildings, 
and it became a model for later tall building designs. 

After the Home Insurance Building (Chicago) in 1885 at 55m, the race to construct 
the world’s tallest building continued with: 


e World Building (New York) in 1890 at 94m 

e Manhattan Life Insurance Building (New York) in 1894 at 106m 

e Park Row Building (New York) in 1899 at 119m (Figure 1.3) 

e Singer Building (New York) in 1908 at 187m (Figure 1.4) 

e Metropolitan Life Tower (New York) in 1909 at 213m 

e Woolworth Building (New York) in 1913 at 241m (Figure 1.5) 

e Trump Building (New York) in 1930 at 283 m (Figure 1.6) 

e Chrysler Building (New York) in 1930 at 319m (Figure 3.16) 

e Empire State Building (New York) in 1931 at 381 m (Figure 3.17) 

e One World Trade Center (WTC I) (New York) in 1972 at 417m (Figure 3.55) 
e Two World Trade Center (WTC II) (New York) in 1973 at 415 m (Figure 3.55) 
e Willis Tower (Chicago) in 1974 at 442 m (Figure 3.73) 

e Petronas Twin Towers (Kuala Lumpur) in 1998 at 452 m (Figure 3.31) 

e Taipei 101 (Taipei) in 2004 at 508 m (Figure 3.36) 

e Burj Khalifa (Dubai) in 2010 at 828 m (Figure 3.30) 


and when 800m was passed at the beginning of the 2000s, heights have been reached 
that could not have even been dreamed of in engineer William Le Baron Jenney’s 
time. In other words, while 10-storey buildings were classified as skyscrapers in the 
1890s, about 40 years later the Empire State Building (New York, 1931) exceeded 
100 storeys, and about 100 years later the Burj Khalifa (Dubai, 2010) exceeded 
150 storeys. Skyscrapers, which were thought previously to be exclusively a North 
American urban phenomenon, have today entered the skylines of almost all major 
cities, especially in Asia. 

According to the CTBUH, while in 1930, 99 per cent of the world’s 100 tallest 
buildings were in North America, 51 per cent of which were in New York, in 2010 
these proportions were 29 per cent and 7 per cent respectively. In 1930, 96 per cent 
of the world’s 100 tallest buildings had steel and 4 per cent had reinforced concrete 
and composite structural systems, but in 2010 these figures had become 21 per cent 
and 79 per cent respectively. 
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While in 1990, 9 out of 10 of the world’s tallest buildings were in North America, 
this figure had dropped to 4 in 2000 and to 1 in 2011. In 1990, 8 out of the 10 tallest 
buildings had steel structural systems, and this figure had fallen in 2000 and 2011 to 
4 and 1 respectively (Tables 1.1-1.3). 


FIGURE 1.2 Home Insurance Building, Chicago, USA, 1885 


FIGURE 1.3 Park Row Building, New York, USA, 1899 
(courtesy of Antony Wood/CTBUH) 
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FIGURE 1.4 Singer Building, FIGURE 1.5 Woolworth Building, New York, USA, 1913 
New York, USA, 1908 (photo on right courtesy of Antony Wood / CTBUH) 


FIGURE 1.6 The Trump Building, New York, USA, 1930 
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Rank Building name Location Completion Height Structural 
(m) material 
1 Sears Tower (currently Willis Tower) Chicago 1974 442 Steel 
2 One World Trade Center (WTC I) New York 1972 417 Steel 
3. Two World Trade Center (WTC II) New York 1973 415 Steel 
4 Empire State Building New York 1931 381 Steel 
5 Bank of China Tower Hong Kong 1990 367 Composite 
6 Aon Center (formerly Amoco Chicago 1973 346 Steel 
Building) 
7 John Hancock Center Chicago 1969 344 Steel 
8 Chrysler Building New York 1930 319 Steel 
9 U.S. Bank Tower (formerly Library Los Angeles 1990 310 Steel 
Tower) 
10 Franklin Center-North Tower Chicago 1989 307 Composite 
(formerly AT&T Corporate Center) 
TABLE 1.2 The world’s ten tallest buildings in 2000 (CTBUH, October, 2009) 
Rank Building name Location Completion Height Structural 
(m) material 
1 Petronas Tower 1 Kuala Lumpur 1998 452 R/C 
2 Petronas Tower 2 Kuala Lumpur 1998 452 R/C 
3 Sears Tower (currently Willis Tower) Chicago 1974 442 Steel 
4 Jin Mao Building Shanghai 1999 421 Composite 
5 One World Trade Center New York 1972 417 Steel 
6 Two World Trade Center New York 1973 415 Steel 
7 CITIC Plaza Guangzhou 1996 390 Composite 
8 Shun Hing Square Shenzhen 1996 384 Composite 
9 Empire State Building New York 1931 381 Steel 
10 Central Plaza Hong Kong 1992 374 Composite 
TABLE 1.3 The world’s ten tallest buildings in 2011 (CTBUH, December, 2011) 
Rank Building name Location Completion Height Structural 
(m) material 
1 Burj Khalifa (formerly Burj Dubai) Dubai 2010 828 R/C 
2 Taipei 101 Taipei 2004 508 Composite 
3 Shanghai World Financial Center Shanghai 2008 492 Composite 
4 International Commerce Centre (ICC)Hong Kong 2010 484 Composite 
5 Petronas Tower 1 Kuala Lumpur 1998 452 R/C 
6 Petronas Tower 2 Kuala Lumpur 1998 452 R/C 
7 Zifeng Tower (formerly Nanjing Nanjing 2010 450 Composite 
Greenland Financial Center) 
8 Willis Tower (formerly Sears Tower) Chicago 1974 442 Steel 
9  Kingkey 100 Shenzhen 2011 442 Composite 
10 Guangzhou International Finance Guangzhou 2010 439 Composite 
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LATERAL LOADS AFFECTING TALL 
BUILDINGS 


From the structural design point of view, tall (high-rise) buildings, because of their 
extraordinary height, show a greater sensitivity to wind and earthquake induced 
lateral loads than low-rise buildings. Estimating those lateral loads which play an 
important role in the design of tall buildings is more difficult than estimating vertical 
loads. 

Earthquake loads increase according to the building weight, and wind loads 
increase according to the building height. For this reason, wind loads, while they 
are generally an unimportant issue in the design of structural systems for low- and 
mid-rise buildings, play a decisive role in that of tall buildings, and can even be a 
cause of large lateral drift (sway) that is more critical than that from earthquake loads. 
Consequently, the occupancy comfort takes prominence in the design of structural 
systems in tall buildings, and it is necessary to limit the building sway. In tall buildings, 
which can be described as vertical cantilever beams, the maximum lateral top drift 
caused by lateral loads is expected to be approximately 1/500 of the building height 
(structural height), according to Bennett (1995) and Taranath (1998), and in limits 
ranging from 1.5/1000 to 3/1000 according to Smith and Coull (1991). In this context, 
the drift index is defined as the ratio of the maximum lateral top displacement of the 
building to the building height (A/H); and the inter-storey drift index as the ratio of the 
lateral displacement of the floor relative to the floor below, to the floor-to-floor height 
(A/h). Generally in wind design of tall buildings, 1/400-500 is commonly preferred as 
both the drift index and the inter-storey drift index. 


2.1 Wind loads 


At first wind loads were ignored because the weight of the construction materials 
and structural systems used in the first skyscrapers made vertical loads more critical 
than lateral loads, but over time wind loads became important, as the strength to 
weight ratio of construction materials and the ratio of floor area to structural weight in 


www.EngineeringBooksPDF.com 


14 Tall Buildings: Structural Systems and Aerodynamic Form 


structural systems increased and the total weight and rigidity of structures decreased. 
The effect of wind on tall buildings is explained in Chapter 5. 

Wind speed and pressure increase parabolically according to height, and therefore 
wind loads affecting tall buildings become important as the height of the building 
increases. In general, structural design begins to be controlled by wind loads in 
buildings of more than 40 storeys (ACI SP-97, 1989). Today, thanks to developments in 
structural systems and to high-strength materials, tall buildings have increased in their 
height to weight ratio but on the other hand reduced in stiffness compared with their 
precursors, and so have become greatly affected by wind. With the reduced stiffness, 
the sensitivity to lateral drift, and hence the sway under wind loads, increases. The 
sway, which cannot be observed outside the building or at the lower floors, can cause 
discomfort to occupants at the higher floors of a building. Architectural, structural, 
and mechanical design approaches (Chapter 6) are used to control lateral drift in tall 
buildings. 

In the design of tall buildings, for buildings below 40 storeys with height to width 
ratio (the ratio of the structural height of a building to the narrowest structural width 
at the ground floor plan, also termed aspect ratio) below 6, the values predicted in 
the building design codes can be used to determine wind loads. Because wind loads 
can change quickly or even suddenly, unlike live and dead loads, in order to estimate 
the wind load in buildings of more than 40 storeys, or that have an aspect ratio of 
6 or higher (slender and flexible buildings), or that have unusual forms, dynamic 
effect of the wind and dynamic building response must be taken into account. In this 
context, dynamic calculation methods, or else wind tunnel tests, are recommended 
for estimating the wind loads on such buildings (Section 5.2). 


2.2 Earthquake loads 


Earthquakes are the propagation of energy released as seismic waves in the earth 
when the earth’s crust cracks, or when sudden slippage occurs along the cracks as 
a result of the movement of the earth’s tectonic plates relative to one another. With 
the cracking of the earth’s crust, faults develop. Over time, an accumulation of stress 
in the faults results in sudden slippage and the release of energy. The propagation of 
waves of energy, formed as a result of seismic movement in the earth’s crust, acts upon 
the building foundations and becomes the earthquake load of the building. In deter- 
mining earthquake loads, the characteristics of the structure and records of previous 
earthquakes have great importance. Compared with wind loads, earthquake loads are 
more intense but of shorter duration. 

Earthquakes can occur almost anywhere, and considering that low, medium and 
high severity earthquakes may occur during the life of a structure located in an active 
earthquake zone, it is necessary to understand very well the behaviour of a structure 
during an earthquake in order to prevent the disastrous collapses that can occur. 

An earthquake’s effect or power is measured by the “earthquake’s intensity” or 
“earthquake’s magnitude”. Accounting for the effects upon living creatures, structures 
and the environment in the measurement of an earthquake gives the “intensity” of 
the earthquake, while using earthquake seismographs (seismometers) to measure 
the energy released at the centre of an earthquake gives the “magnitude” of the 
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earthquake. The intensity of an earthquake indicates its effect in any given region. The 
magnitude of an earthquake gives information on its intensity at its centre (epicentre). 
While the measure of magnitude gives only a single value for the magnitude of 
an earthquake, the measure of intensity gives different intensity values in different 
regions. The “magnitude” of earthquakes is indicated by the Richter scale and their 
“intensity” is indicated by the Mercalli scale. 

The lateral inertia forces on a structure created by an earthquake are functions of: 


e the magnitude and duration of the earthquake 
e the distance of the structure from the centre of the earthquake (epicentre) and 
e the mass of the structure, the structural system and the soil-structure interaction. 


The magnitude of the lateral force (F) on a structure formed by the effect of an 
earthquake depends on the structure’s mass (m), the ground acceleration (a) and 
the structure’s dynamic characteristics (F ~% ma) (Figure 2.1). The ground accel- 
eration changes according to the characteristics of the earthquake and the ground. 
Theoretically, in the case of rigid structures and foundations, the acceleration of the 
structure is equal to that of the ground. In this case, according to Newton’s Law, the 
lateral load (F) affecting a structure is equal to the mass (m) of the structure multi- 
plied by the ground acceleration (a), (F = ma) (Figure 2.1a). This theoretical case does 
not occur in practice because every structure has certain flexibility. For a structure 
that deforms due to its flexibility, thus dissipating some energy, the lateral force (F) 
affecting the structure is less than the product of the mass of the structure and the 
ground acceleration (F<ma) (Figure 2.1b). As the height of a structure increases, the 
flexibility also increases and the acceleration is expected to be less than in low-rise 


—— > —> 
F<ma F<ma or F>ma 
a) rigid structure b) low-rise structure c) high-rise structure 


FIGURE 2.1 The behaviour of a building during an earthquake 
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structures (F<ma); however, for structures whose natural period is close to that of 
the seismic waves, in earthquakes of long duration, the lateral force (F) affecting the 
structure may be larger than the mass of the structure multiplied by the ground accel- 
eration (F>ma) (Figure 2.1c). For this reason, the lateral load on a structure caused 
by an earthquake is a function not only of the mass of the structure and the ground 
acceleration, but also of the dynamic characteristics of the structure. 

The general principle in earthquake-resistant design is to protect life without a 
collapse of the structure, even if there is damage to structural and non-structural 
elements of the building. Earthquake codes aim to ensure: the avoidance of damage 
to structural and non-structural elements of the building during earthquakes of low 
intensity; the limitation and reparability of the damage that may occur to structural 
and non-structural elements during earthquakes of medium intensity; the avoidance 
of the collapse of structural elements where there is limited and permanent damage, 
and the protection of life during earthquakes of high intensity. 
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THE STRUCTURAL SYSTEMS OF TALL 
BUILDINGS 


Structural systems in the early twentieth century buildings were basically designed to 
resist vertical loads. Today, thanks to developments in this field and to high-strength 
materials, with the increase in the height of buildings and the decrease in their weight, 
wind and earthquake induced lateral loads have become the primary loads, especially 
in tall buildings, and have begun to pose more of a threat than before. As a result, 
for structural engineers, providing the strength to resist lateral loads in tall buildings, 
whether wind or earthquake induced, has become an essential input in the design of 
new structural systems. 

Owing to developments in computer technology, construction materials and 
structural design, tall building structural systems have gone far beyond the rigid 
frame system of the 12-storey, 55m high Home Insurance Building (Chicago, 1885) 
(Figure 1.2), recognised as the first skyscraper, and have today reached a point that 
could not have been dreamed of in Le Baron Jenney’s time, attaining a level that has 
made possible the construction of buildings using outriggered frame systems, such as 
the 101-storey, 508m high Taipei 101 (Taipei, 2004) (Figure 3.36), and the 163-storey, 
828m high Burj Khalifa (Dubai, 2010) (Figure 3.30). 

As the height of buildings increases, the choice of structural system decreases. 
While the choice of structural system in low-rise buildings is considerable, the alter- 
natives in choice of a structural system become restricted by limitations imposed by 
the height of buildings. Therefore, especially in tall buildings, architectural and struc- 
tural design should be considered together. 

Buildings can be classified on the basis of the materials used in their structural 
systems [structural materials of the columns, beams, shear trusses (braces), shear walls 
and outriggers] as: 


e steel 


e reinforced concrete 
e composite. 
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Taking as a basis the columns, beams, shear trusses (braces), shear walls, and 
outriggers that are the elements of the main vertical and horizontal structural systems, 
buildings can be categorised as being reinforced concrete buildings where these 
elements are made of reinforced concrete, or as steel buildings where these elements 
are made of steel. We can define composite buildings as: those in which some struc- 
tural elements are made of reinforced concrete and other structural elements are 
made of steel; and/or those in which some structural elements are made of both struc- 
tural steel and concrete together. Floor slabs are usually made of reinforced concrete 
or are composite. Thus, it is general practice to use concrete/reinforced concrete in 
slabs. Generally, the floor slabs in steel buildings are composite, and in reinforced 
concrete and composite buildings they are reinforced concrete or composite. 
Normally, composite floor slabs are formed by applying metal deck (trapezoidal steel 
plate) with concrete/reinforced concrete topping. Composite floor slabs commonly 
support structural steel or steel trusses. According to the Council on Tall Buildings 
and Urban Habitat, in classifying tall buildings based on the materials used in their 
structural systems, the main vertical and horizontal structural elements but also the 
floor systems are taken into account. 

The use of steel as a material for a structural system attracted attention in 1885 
with the construction of the 55 m high Home Insurance Building (Chicago) (Figure1.2) 
and of the 300m high Eiffel Tower (Paris) in 1889. By the end of the 1990s all the 
buildings achieving the title of “the world’s tallest building” used steel structural 
systems due to the superiority of structural steel in its strength to weight ratio, the ease 
with which it can be transported, installed and assembled on-site, the wide range in 
the choice of strength and cross-sections of the elements, and advances in fire and 
corrosion resistance. The 442 m high Willis Tower (Chicago, 1974) (Figure 3.73), with 
a steel structural system, held the title of “the world’s tallest building” from 1974 to 
1998. 

Reinforced concrete is formed by strengthening concrete with steel bars. The 
discovery of reinforced concrete greatly increased the importance and use of concrete 
in the construction industry. Architects and structural engineers used reinforced 
concrete to produce unusual and aesthetic building forms, thanks to its ability to be 
cast in any form, and to its much greater natural resistance to fire, compared with 
steel. In addition, compared with a steel building, a reinforced concrete building 
is naturally better at dampening wind induced building sway, which is one of the 
problems frequently encountered in tall buildings and is perceived by the building 
occupants. With the advances in technology, the increase in strength and developments 
in concrete pumping technology — the ability to pump it to high levels — reinforced 
concrete can now be used in all structural systems for tall buildings. The 16-storey, 
65 m high Ingalls Building, built by Elzner and Anderson in Cincinnati in 1903, was 
the first skyscraper with a reinforced concrete structural system (Figure 3.1). In 1998 
the Petronas Twin Towers, 452 m high and with a reinforced concrete structural system 
(Figure 3.31), took the title of “the world’s tallest building” from the Willis Tower, 
which has a steel structural system. The Petronas Twin Towers were the first reinforced 
concrete buildings that gained the title of the world’s tallest. 

While composite structural systems, consisting of steel and reinforced concrete 
together, were only rarely seen in supertall buildings before 1970 (Chrysler Building 
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FIGURE 3.1 Ingalls Building, Cincinnati, USA, 1903 


(a) (b) 


FIGURE 3.2 Composite elements by cross-section 


(New York, 1930), Seagram Building (New York, 1958)), they began to be used 
frequently after the 1970s. 

Composite buildings, consisting of structural system elements that are part 
reinforced concrete, part steel and/or with some elements in which both steel and 
reinforced concrete have been used, combine the advantages of both materials, such 
as the high-strength of steel, and the fire resistance and rigidity of reinforced concrete. 

There are differences in the cross-sections of composite elements (Figure 3.2). 
Box-section structural steel elements filled with reinforced concrete (concrete infilled 
steel sections/steel encased concrete sections) (Figure 3.2a), structural steel elements 
with reinforced concrete between their flanges (Figure 3.2b) and structural steel 
sections encased in reinforced concrete (concrete encased steel sections) (Figure 3.2c) 
are all seen as elements of a composite structural system. 

In 2004, the 508m high Taipei 101 (Taipei) (Figure 3.36), with a composite struc- 
tural system, took the title of “the world’s tallest building” from the Petronas Towers 
(Figure 3.31), which has a reinforced concrete structural system. The Taipei 101 is the 
first composite building to gain the title of the world’s tallest. 

With the use of high-strength concrete (compressive strength above 30 MPa) in the 
828m high reinforced concrete Burj Khalifa (Dubai, 2010) (compressive strength of 
80MPa); 452m high reinforced concrete the Petronas Twin Towers (Kuala Lumpur, 
1998) (compressive strength of 80 MPa) and 421m high, composite Jin Mao Building 
(Shanghai, 1999) (compressive strength of 52MPa), the cross-sectional areas of 
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structural elements have been reduced, and thus the reinforced concrete building 
construction has been improved and came into prominence. 

When the 10 tallest buildings in 2011, based on the vertical and horizontal 
elements of the main structural systems are evaluated, it is evident that 1 is steel, 3 
are reinforced concrete and 6 are composite, making a 90 per cent majority that are 
reinforced concrete or composite buildings (Burj Khalifa (Dubai, 2010) reinforced 
concrete, Taipei 101 (Taipei, 2004) composite, Shanghai World Financial Center 
(Shanghai, 2008) composite, International Commerce Centre (ICC) (Hong Kong, 
2010) composite, Petronas Tower 1 and Petronas Tower 2 (Kuala Lumpur, 1998) 
reinforced concrete, Zifeng Tower (Nanjing, 2010) composite, Willis Tower (Chicago, 
1974) steel, Kingkey 100 (Shenzhen, 2011) composite, Guangzhou International 
Finance Center (Guangzhou, 2010) composite). 


3.1 The structural systems of tall buildings 


The set of tall building structural systems has developed over time, starting with rigid 
frame systems, and with the addition of shear-frame, mega column (mega frame, 
space truss), mega core, outriggered frame, and tube systems, it has made much taller 
buildings possible. 

Today, many tall building structural systems and classifications are discussed in 
the literature and used in practice (Khan, 1969; Khan, 1973; Schueller, 1977; Smith 
and Coull, 1991; Taranath, 1998). Steel, reinforced concrete and composite structural 
systems for tall buildings can be categorised by their structural behaviour under lateral 
loads. 

Tall building structural systems: 


e rigid frame systems 
e flat plate/slab systems 
e core systems 
e shear wall systems 
e — shear-frame systems 
e shear trussed frame (braced frame) systems 
e shear walled frame systems 
e mega column (mega frame, space truss) systems 
e mega core systems 
e outriggered frame systems! 
e tube systems 
e framed-tube systems 
e trussed-tube systems 
e bundled-tube systems. 


1 An “outrigger” consists of a horizontal truss or shear wall. The element, which is called an “outrigger”, 
is a lateral extension of the core shear truss/shear wall to the perimeter columns in the form of a knee. 
An outriggered frame system is formed by the addition of an outrigger to a shear-frame system having a 
structural core (core-frame system). When an outrigger is used in a tube system, the structural system is 
referred to as a “tube system”. 
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The examples of systems listed above are given in Chapter 4 and the Appendix under 
“Tall Building Case Studies” and “Examples of Tall Buildings and Structural Systems”. 

For “tall buildings” of 40 storeys and below, “rigid frame systems”, “flat plate/slab 
systems”, “core systems” and “shear wall systems” are used. For “supertall buildings” 
and “skyscrapers” over 40 storeys, the necessity for an economic and efficient 
structural system satisfying both the structural safety and serviceability (occupancy 
comfort) to be limited to a maximum lateral drift due to lateral loads of approximately 
1/500 of the building height, reduces the choice of structural system. For this reason, 


Wo 


for buildings of more than 40 storeys, “shear-frame systems”, “mega column systems”, 
Wood 


“mega core systems”, “outriggered frame systems” and “tube systems” are used. 
Supertall building / skyscraper structural systems: 


e  shear-frame systems 
e shear trussed frame/braced frame systems 
e shear walled frame systems 
e mega column (mega frame, space truss) systems 
e mega core systems 
e outriggered frame systems 
e tube systems 
e framed-tube systems 
e trussed-tube systems 
e bundled-tube systems. 


The number of floors that can be reached efficiently and economically by structural 
systems for tall buildings and supertall buildings/skyscrapers is shown in Table 3.1. 
The structural system in supertall buildings/skyscrapers is closely connected to 
the form and function of the building, and thus to architectural design. The choice 
of structural system has an important effect on the building facade and interior use 
(the service core, including elevators, stairs, emergency exits and wet areas, and 
the net usable area other than the service core). From an economic point of view, 
local materials and construction techniques play a decisive role in the use of steel, 


TABLE 3.1 Tall building structural systems and the number of floors they can reach 


Tall building structural systems, and tentatively the number 
of floors they can reach efficiently and economically 


Rigid frame systems 

Flat plate/slab systems with columns and/or shear walls 
Core systems 

Shear wall systems 

Shear-frame systems 

(shear trussed / braced frame and shear walled frame 
systems) 

Mega column (mega frame, space truss) systems 

Mega core systems 

Outriggered frame systems 

Tube systems 
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reinforced concrete or composite in the structural system. In North America, steel 
construction, while in the Asia Pacific (Far East), reinforced concrete or composite 
construction is generally used. 

With the progress in technology, the increase in the strength of concrete and the 
ability to pump concrete to high levels, the use of reinforced concrete and composite 
structural systems increases day by day. 


3.2 Rigid frame systems 


Rigid frame systems, also called moment frame systems, are used in steel and 
reinforced concrete buildings. This system consists of beams and columns (Figure 3.3). 
A rigid frame is an unbraced frame that is capable of resisting both vertical and lateral 
loads by the bending of beams and columns. Stiffness of the rigid frame is provided 
mainly by the bending rigidity of beams and columns that have rigid connections. 
Rigid framing is based on the principle that beam-column connections have adequate 
rigidity to hold the original angles between intersecting members unchanged under 
the effect of both vertical and lateral loads. Thus, reinforced concrete is an ideal 
material for this system by virtue of its naturally monolithic behaviour, resulting with 
inherent rigidity at connections. For steel buildings, rigid framing is achieved by 
reinforcing beam-column connections. 

The structural stiffness of rigid frames is directly proportional to the cross-sectional 
dimensions and bending rigidity of the beams and columns, and inversely propor- 
tional to their length and spacing. In this system, columns are placed in locations that 
least restrict architectural planning. At the same time, columns should be of sufficient 
length to provide minimum storey depth. To obtain effective rigid frame behaviour, it 
is necessary to have closely spaced columns, and for the beams connecting them to 
be sufficiently deep. 

For buildings constructed in regions of high seismic activity in particular, the 
details of the connections between structural elements are very important because of 
the need for ductile behaviour in the rigid frame due to the large lateral drift during 


FIGURE 3.3 Rigid frame system 
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severe earthquakes (ductility is the ability to deform without a significant reduction in 
strength). In rigid frame systems ductility is achieved by the formation of plastic hinges 
in the columns and beams. In this way, when rigid frame systems under earthquake 
loads are deformed beyond their elastic limits, a large part of the energy is dissipated 
by the plastic hinges. Steel is a ductile material, while concrete is a brittle material, 
however, the ductility of reinforced concrete depends on the design. Reinforced 
concrete beams are designed to be under-reinforced to make them ductile, but this 
is not required for columns. Thus, in the structural design of reinforced concrete rigid 
frames, it is necessary to design the columns to be stronger than the beams so that 
plastic hinges can be formed in the beams. In this way, a reinforced concrete rigid 
frame is forced into ductile behaviour. 

In the case of tall buildings, when designed for strength considerations only, the 
biggest disadvantage in rigid frame systems is the magnitude of lateral drift, which 
causes discomfort to occupants and damage to non-structural elements. There are 
two causes of lateral drift: the first is the deformation due to cantilever bending of the 
building (bending deformation), which is approximately 20 per cent of the total lateral 
drift (Figure 3.4a). The second is that of the deformation due to bending of the beams 
and columns (shear deformation), approximately 65 per cent is due to the bending of 
the beams, and 15 per cent to the columns, totalling approximately 80 per cent of the 
total lateral drift (Figure 3.4b) (Schueller, 1977). 

Rigid frame systems efficiently and economically provide sufficient stiffness to 
resist wind and earthquake induced lateral loads in buildings of up to about 25 
storeys. Some examples of tall buildings using the rigid frame system with steel struc- 
tural material include: 


e the 12-storey, 55m high Home Insurance Building (Chicago,1885) (Figure 1.2) 
and 
e the 21-storey, 94m high Lever House (New York, 1952) (Figure 3.5) 


(a) Deformation due to (b) Deformation due to the bending 
cantilever bending of the columns and beams 


FIGURE 3.4 Lateral drift in rigid frame systems 
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FIGURE 3.5 Lever House, New York, USA, 1952 


and with reinforced concrete structural material include: 


e the 16-storey, 65m high Ingalls Building (Cincinnati, 1903) (Figure 3.1) 


3.3 Flat plate/slab systems 


Flat plate/slab systems are used in reinforced concrete buildings. This system consists 
of beamless floor slabs of constant thickness and columns. Shear walls also can 
be placed in addition to or instead of the columns (Figure 3.6a). Column capitals 
(Figure 3.6b) or gussets (Figure 3.6c) can be placed on the upper ends of the columns 
in order to reduce the punching effect created by shear forces in the connections 
between the columns and slabs. Using a flat ceiling instead of one with beams, and 
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FIGURE 3.6 Flat plate/slab systems: (a) without column capitals, (b) with column capitals, 
(c) with gussets 


(c) 


thus attaining the maximum net floor height, is a major architectural advantage of this 
system. 

In resisting lateral loads, flat plate/slab systems may be insufficient, compared with 
rigid frames. The reason for this is the shallow-wide-beam behaviour of the floor slab, 
with low bending/flexural rigidity. Thus real frame behaviour that has beams having 
sufficient depth cannot be achieved. The addition of shear walls to flat plate/slab 
systems mitigates this problem and increases the resistance against lateral loads. 

Flat plate/slab systems efficiently and economically provide sufficient stiffness 
to resist wind and earthquake induced lateral loads in buildings of up to about 25 
storeys. 


3.4 Core systems 


Core systems are used in reinforced concrete buildings. This system consists of 
a reinforced concrete core shear wall resisting all the vertical and lateral loads 
(Figure 3.7). In general, a core wall is an open core that is converted into a partially 
closed core by using floor beams and/or slabs so as to increase the lateral and torsional 
stiffness of the building. Although the behaviour of closed cores is ideal against 
building torsion under lateral loads, a partially closed core is used to approximate 
this for architectural reasons. Thus, a partially closed core is produced by supporting 
the open part of the core with beams and/or slabs having satisfactory strength against 
shear and bending. 

In core systems, floor slabs are cantilevered from the core shear wall independently 
(Figure 3.8a), or else cantilevered modules of floor slabs are used (Figure 3.8b). In the 
case of cantilevered modules, floor slabs, except the bottom slab of each module, are 
cantilevered from the core shear wall and are supported by discontinuous perimeter 
columns down through the height of the modules. The bottom slab of each module 
is a strengthened cantilever floor slab which supports the perimeter columns of the 
upper storeys in the module. 
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FIGURE 3.7 Core system 

Cantilever Discontinuous 

slab perimeter column 
Strengthened 
cantilever 
slab 


(a) (b) 


FIGURE 3.8 Slabs in core systems: (a) cantilever slabs, (b) strengthened cantilever slabs 


The bending/flexural rigidity of the core in the core systems is limited by the 
flexural depth of the core. Thus in supertall buildings or in cases where the lateral 
load is very great, the bending/flexural rigidity of the building is not sufficient unless 
a mega core is used. 

Core systems efficiently and economically provide sufficient stiffness to resist wind 
and earthquake induced lateral loads in buildings of up to about 20 storeys; however, 
“mega core systems” (Section 3.8), which are made with much thicker core shear 
walls than normal, can be used efficiently and economically in buildings of more than 
40 storeys. 
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3.5 Shear wall systems 


Shear wall systems are used in reinforced concrete buildings. This system consists of 
reinforced concrete shear walls, which can be perforated (with openings) or solid. 
Shear wall systems can be thought of as a vertical cantilever rigidly fixed at the base, 
and can resist all vertical and lateral loads on a building without columns (Figure 3.9). 
Owing to the nature of cantilever behaviour, the inter-storey drift between adjacent 
floors is greater in the upper floors than in the other floors. For this reason, in supertall 
buildings it is difficult to control the lateral drift at the building top. 

Shear wall systems efficiently and economically provide sufficient stiffness to resist 
wind and earthquake induced lateral loads in buildings of up to about 35 storeys. 


FIGURE 3.9 Shear wall system 


3.6 Shear-frame systems 


Rigid frame systems economically do not have sufficient resistance against lateral 
loads in buildings over 25 storeys because of bending on columns that causes large 
deformations. In this case, the total stiffness and so the economical height of the 
building can be increased by adding vertical shear trusses (braces) and/or shear walls 
to the rigid frame to carry the external shear induced by lateral loads (Figure 3.10). 

This interactive system of frames and shear trusses and/or shear walls is called the 
“shear-frame system”, and is quite effective against lateral loads (Figure 3.11). In this 
context, shear-frame systems can be divided into two types: 


e shear trussed frame (braced frame) system (Figure 3.1 1a) 
e shear walled frame system (Figure 3.11b). 
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FIGURE 3.10 Rigid frame, shear truss (brace), and shear wall 
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FIGURE 3.11 (a) Shear trussed frame (braced frame) system, (b) shear walled frame system 


The shear trussed frame (braced frame) system consists of rigid frames and diagonal 
braces in the form of vertical trusses, while the shear walled frame system consists 
of rigid frames and reinforced concrete shear walls that are perforated or solid 
(Figure 3.13a). 

It is also possible to design shear trusses (braces) and/or shear walls as cores that 
surround elevator shafts and stairwells (Figure 3.13b). In this case, shear-frame systems 
having structural cores can also be called as “core-frame systems”, and likewise, shear 
trussed frame and shear walled frame systems having structural cores “core-trussed 
frame” and “core-walled frame” systems respectively. Closed and partially closed 
cores increase the stiffness of the building laterally and torsionally. 
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Rigid frames resist lateral loads by dissipating energy through their ductility and 
may undergo excessive lateral deformations. Under lateral loads, the slope of the 
deformed shape, in other words, the inter-storey drift between adjacent floors is 
higher in the lower storeys. Shear trusses and walls, despite being less ductile than the 
frame, dissipate energy while staying within elastic limits because of the larger size of 
the shear area subjected to the shear force caused by lateral loads, and exhibit smaller 
lateral deformations. Thus, ductility is not as important as it is with rigid frames. The 
slope of the deformed shape, in other words, the inter-storey drift between adjacent 
floors, is higher in the upper storeys, and is greatest at the top. The disadvantages 
of the frame compared with the shear truss or wall, and of the shear truss or wall 
compared with the frame, are compensated by one another in a system where they 

are used together, in which the frame contributes to the shear truss or wall in the upper 
storeys, while the shear truss or wall contributes to the frame in the lower storeys. In 
this way, the shear-frame system exhibits very effective behaviour against lateral loads 
by giving the structure a greater stiffness than a system of “shear truss / shear wall” or 

“rigid frame” acting alone (Figure 3.12). 

When shear trusses and shear walls are designed as cores that surround elevator 
shafts and stairwells, they form partially closed cores since the cross-section of the 
core is not completely but partially closed by beams and/or floor slabs (Figure 3.13b). 

The partially closed cores in general are arranged in rectangular or circular shapes. 

The effort is made to approximate the behaviour of a closed core by strengthening 
beams and/or floor slabs in the open part of the core, providing sufficient stiffness 


against shear and bending. 
The location and shape of the shear trusses and shear walls affect their performance 


under lateral loads to an important degree. By arranging them in such a way that the 
resultant lateral force acts through the centre of rigidity of the building, shear-frame 


Rigid connection 


Shear shape 
(frame behaviour) 


SN 


Flexural shape 
(shear wall / shear truss 


behaviour) 


| 
r 
7 
V 


Shear wall / shear truss Shear-frame 
behaviour behaviour 


Frame 
behaviour 
FIGURE 3.12 The behaviour of the shear-frame system under lateral loads 
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FIGURE 3.13 (a) Shear trusses / shear walls in plan, (b) partially closed cores in plan 


FIGURE 3.14 Seagram Building, New York, USA, 1958 
(photo courtesy of Antony Wood / CTBUH) 


systems are not subject to torsion. Otherwise, torsion occurs, and the torsional forces 
must also be taken into account. The most effective behaviour against torsion in the 
shear trusses and shear walls is ensured by partially closed cores. 

Shear-frame systems efficiently and economically provide sufficient stiffness to 
resist wind and earthquake induced lateral loads in buildings of more than (as well 
as below) 40 storeys. In shear-frame systems, shear trusses and shear walls may be 
used together with rigid frame, as in the 38-storey, 157 m high Seagram Building (New 
York, 1958) (Figure 3.14), with its composite structural system, designed by Mies van 
der Rohe. In the 38-storey Seagram Building, up to the seventeenth floor, reinforced 
concrete shear walls, and in the upper storeys steel shear trusses were used (Ali and 
Moon, 2007). 
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3.6.1 Shear trussed frame (braced frame) systems 


Shear trussed frame (braced frame) systems consist of rigid frames and braces in 
the form of vertical trusses (Figure 3.11a). Diagonal brace elements between the 
columns of the rigid frame create a truss frame at that bay where those columns act as 
vertical continuous chords. Columns, beams and braces are generally made of steel, 
sometimes composite, but rarely are of reinforced concrete. Because the lateral loads 
can act in all directions and/or cyclic, brace elements are exposed to both tension 
and compression. Reinforced concrete braces are weak in tension due to the inherent 
characteristic of concrete. Therefore in general, steel but sometimes composite braces 
are preferred. On the other hand, buckling is a critical factor for steel braces and they 
must be sized accordingly. 

The diagonal brace elements can be single or double. Brace elements (diagonals) 
are designed taking buckling into account, or else double diagonal braces (X-braces, 
chevron-braces, knee-braces) are used and designed in such a way that, according to 
the direction of the lateral force, when tension occurs in one of the brace elements it is 
assumed that the other brace element buckles and compression force is not developed 
in the brace elements. Likewise, in cases where braces are of reinforced concrete, 
their inability to take tensile forces is taken into account, and double diagonal braces 
are used assuming that tension force is not developed in the brace elements, namely, 
ignored, by designing brace diagonals as compression members. In other words, only 
half the braces carry lateral loads at a time. 

Architecturally, shear truss bracing can be divided into four groups (Figure 3.15a): 


e diagonal-bracing 

e x-bracing (cross-bracing) 

e  chevron-bracing (v-bracing) 
e  knee-bracing. 


Structurally, shear truss bracing can be divided into two groups (Figure 3.15b): 


e  concentric-bracing 
e eccentric-bracing. 


Compared with “Knee” and “Chevron” braces, the “X” and “diagonal” braces are an 
architectural obstacle, reducing the field of view through their openings and making 
it difficult to install doors and windows. Because of this, “X” and “diagonal” braces 
are preferred in locations where openings are not necessary, such as partition walls, 
elevator shafts and stairwells. 

Structurally, braced frames can be divided into two groups as either concentric- 
braced frames or eccentric-braced frames by the type of bracing. In concentric-braced 
frames, beams, columns and braces meet at a common connection so that the 
member forces are primarily axial. In eccentric-braced frames, braces are placed 
eccentrically to the beam-column connection (diagonals are placed from beam- 
column to beam or beam to beam) which creates bending moment and so flexure in 
the beam. Structurally, concentric-braced frames contribute to lateral stiffness within 
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FIGURE 3.15 Types of bracing 


elastic limits, while eccentric-braced frames do so within both elastic and inelastic 
limits. Although the lateral stiffness and so deformation of eccentric-braced frame 
systems are not as great as in concentric-braced frame systems, they are preferred in 
seismic regions because of their energy dissipation capacity and ductility. In resisting 
ultimate loads, energy produced by the external shear is dissipated/absorbed by 
ensuring ductility through bending and shear in the lower and upper beams of shear 
truss (truss frame). 

The 21-storey, 92m high Masonic Temple (Chicago, 1892), designed by the archi- 
tects Burnham and Root in Chicago in 1892, was the first tall building in which a 
shear trussed frame system was used. 

The shear trussed frame system has been used in many tall buildings which held 
the title of “the world’s tallest building” in its time, including the 77-storey, 319m 
high Chrysler Building (New York, 1930) (Figure 3.16), and the 102-storey, 381m high 
Empire State Building (New York, 1931) (Figure 3.17). 


3.6.2 Shear walled frame systems 


Shear walled frame systems consist of rigid frames and reinforced concrete shear walls 
that are perforated or solid (Figure 3.11b). In general, shear walls are of reinforced 
concrete; occasionally of composite formed by concrete encased structural steel, or of 
steel plates. Columns and beams are reinforced concrete, steel or composite. 

Some examples of tall buildings using the shear walled frame system with 
reinforced concrete structural material include: 


e the 32-storey, 127m high Pirelli Building (Milan, 1958) (the first reinforced 
concrete building utilising the interactive system of rigid frames and shear walls) 
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FIGURE 3.17 Empire State Building, New York, USA, 1931 
(photo courtesy of Antony Wood/CTBUH) 
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FIGURE 3.18 311 South Wacker Drive, Chicago, USA, 1990 
(photo courtesy of Marshall Gerometta/CTBUH) 


e the 35-storey, 145m high Cook County Administration Building (formerly 
Brunswick Building) (Chicago, 1964) 

e the 65-storey, 293 m high 311 South Wacker Drive (Chicago, 1990) (Figure 3.18) 

e the 30-storey, 267m high Al Faisaliah Center (Riyadh, 2000) (Figure 3.19) 

e the 43-storey, 148m high Strata (London, 2010) (Figure 3.20). 


3.7 Mega column (mega frame, space truss) systems 


Mega column systems consist of reinforced concrete or composite columns and/ 
or shear walls with much larger cross-sections than normal, running continuously 
throughout the height of the building. In this system, mega columns and/or mega 
shear walls can resist all the vertical and lateral loads (Figure 3.21). 

In mega column systems, horizontal connections are of primary importance. Due 
to the probable insufficiency of floor slabs acting as rigid floor diaphragms, to support 
this behaviour of restraining the columns laterally, belts, vierendeel frames, and 
mega braces are used. In this way, all external mega columns and/or shear walls are 
connected together to participate in the lateral stiffness of the structure (Figure 3.21a). 
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FIGURE 3.19 Al Faisaliah Center, Riyadh, Saudi Arabia, 2000 
(photo courtesy of Adrian Peret, adrian.peret@gmail.com) 
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FIGURE 3.20 Strata, London, UK, 2010 
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Belts and vierendeel frames consist of at least one storey depth horizontal shear 
trusses or shear walls that located at least two or more levels throughout the height of 
the building as in the case of the Commerzbank Tower (Frankfurt, 1997) (Figure 3.23), 
which has 6 mega shear walls connected with vierendeel frames. Mega braces are 
multi-storey diagonals that are placed continuously throughout the height of the 
building as in the case of the Bank of China Tower (Hong Kong, 1990) (Figure 3.71), 
which has 4 composite mega columns connected with both mega braces and belts. 

According to the authors, mega column systems, in their function and appearance, 
can also be named as “mega frame systems” (Figure 3.21a); likewise, in some cases 
where there are mega braces supporting the mega columns, being reminiscent of a 
three dimensional truss, they can also be named as “space truss systems” as in the 
case of the Bank of China Tower (Hong Kong, 1990) (Figure 3.21b). 

Mega column systems efficiently and economically provide sufficient stiffness to 
resist wind and earthquake induced lateral loads in buildings of more than 40 storeys. 
Some examples of tall buildings using the mega column system with composite struc- 
tural material include: 


e the 73-storey, 346m high Center (Hong Kong, 1998) (Figure 3.22), which has 


12 composite mega columns, of which the largest have square cross-sections of 
2.5x2.5m at the ground floor 
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FIGURE 3.21 Mega column (mega frame, space truss) system 
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e the 56-storey, 259m high Commerzbank Tower (Frankfurt, 1997) (Figure 3.23), 
which has 6 mega composite shear walls having cross-sections of approximately 
1.2x7.5m 

e the 72-storey, 367m high Bank of China Tower (Hong Kong, 1990) (Figure 3.71), 
which has 4 composite mega columns with hexagonal cross-sections at the ground 
floor that are approximately 3.50m on their two longest sides. Considering the 
function and appearance, the structural system of the Bank of China Tower is catego- 
rized as space truss system by Ali and Armstrong (1995) and Ali and Moon (2007). 
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FIGURE 3.22 The Center, Hong Kong, China, 1998 
(photos courtesy of Derek Forbes) 
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FIGURE 3.23 Commerzbank Tower, Frankfurt, Germany, 1997 
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FIGURE 3.24 Cheung Kong Centre, Hong Kong, China, 1999 


(photo courtesy of Niels Jakob Darger) 
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Mega columns can also be used solely to provide large spaces at the building 
entrance, as an aid to the main structural system for the levels above the entrance, 
without running continuously throughout the height of the building. As the number 
of mega columns at the entrance is much lower than the number of columns on the 
upper storeys, the structural transition between them is achieved using deep transfer 
beams. In such cases, the cross-sectional dimensions of the column at the entrance 
are large enough for it to be classified as a “mega column”, but the structural system 
cannot be classified as a “mega column system”. 

Tall buildings where this approach has been used include the 63-storey, 283m 
high Cheung Kong Centre (Hong Kong, 1999) (Figure 3.24), which has an outriggered 
frame system and 8 composite mega columns at the ground floor with 2.5 m diameter 
circular cross-sections, and the 59-storey, 279m high Citigroup Center (New York, 
1977) (Figure 3.66), which has a trussed-tube system and 4 steel mega columns at the 
ground floor with rectangular cross-sections of approximately 6.5x7 m. 

Mega columns, in cases where they run continuously throughout the height of the 
building, can be used with an outriggered frame system or a tube system. In such 
cases, when they are used for a purpose such as reducing the number of columns, 
the structural system cannot be classified as “mega column system”, since the mega 
columns are not the only structural elements that resist the external loads. Tall 
buildings with outriggered frame systems include: 


e the 101-storey, 508m high Taipei 101 (Taipei, 2004) (Figure 3.36), which has 8 
composite mega columns at the ground floor with rectangular cross-sections of 
2.4x3m 

e the 88-storey, 421 m high Jin Mao Building (Shanghai, 1999) (Figure 3.40), which 
has 8 composite mega columns at the ground floor with rectangular cross- 
sections of 1.5x4.9m 

e the 88-storey, 412m high Two International Finance Centre (Hong Kong, 2003) 
(Figure 3.41), which has 8 composite mega columns at the ground floor with 
rectangular cross-sections of 2.5x3.5m. 


3.8 Mega core systems 


Mega core systems consist of reinforced concrete or composite core shear walls with 
much larger cross-sections than normal, running continuously throughout the height 
of the building (Figure 3.25). Since the mega core can resist all vertical and lateral 
loads in this system, there is no need for columns or shear walls on the perimeter of 
the building. In mega core systems, floor slabs are cantilevered from the core shear 
wall (Figure 3.25a). Mega core systems can also be used with strengthened cantilever 
slabs (Figure 3.25b). In this case, floor slabs are supported by the core shear walls and 
discontinuous perimeter columns. Perimeter columns are supported by strengthened 
cantilever slabs repeated on some storeys. Strengthened cantilever slabs protrude 
from the core, and are strengthened in order to support the load coming from the 
storeys above. 
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FIGURE 3.25 Slabs in the mega core system: (a) cantilever slab, (b) supported 


cantilever slab 


Mega core systems efficiently and economically provide sufficient stiffness to resist 
wind and earthquake induced lateral loads in buildings of more than 40 storeys. Some 
examples of tall buildings using the mega core system with reinforced concrete struc- 


tural material include: 


e the 36-storey, 300m high Aspire Tower (Doha, 2006) (Figure 3.26) which has a 


reinforced concrete core shear wall having circular cross-section with an external 
diameter varying between 18 to13 m (from bottom to top) and thickness varying 
between 2 to 1m (from bottom to top) 

the 52-storey, 235m high 8 Shenton Way (Singapore, 1986) (Figure 3.27), which 
has a reinforced concrete core shear wall having circular cross-section with 
an external diameter of 25m and thickness varying between 1.65 to 1m (from 
bottom to top) 

the 57-storey, 190m high HSB Turning Torso (Malmö, 2005) (Figure 3.28) which 
has a reinforced concrete core shear wall having circular cross-section with 
an external diameter varying between 15.6 to 11.4m (from bottom to top) and 
thickness varying between 2.5 to 0.4m (from bottom to top). 
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FIGURE 3.26 Aspire Tower, Doha, Qatar, 2006 
(credit for Photo: CTBUH) 
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FIGURE 3.27 8 Shenton Way, Singapore, Singapore, 1986 
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FIGURE 3.28 HSB Turning Torso, Malmö, Sweden, 2005 
(photo courtesy of Santiago Calatrava/Samark Architecture & Design) 


3.9 Outriggered frame systems 


Outriggered frame systems have been developed by adding outriggers to shear-frame 
systems with core (core-frame systems) so as to couple the core with the perimeter 
(exterior) columns. The outriggers are structural elements connecting the core to the 
perimeter columns at one or more levels throughout the height of the building so as 
to stiffen the structure (Figure 3.29). An outrigger consists of a horizontal shear truss 
or shear wall (or deep beam). This structural element is a horizontal extension of the 
core shear truss/wall to the perimeter columns in the form of a knee. To make them 
sufficiently effective, outriggers are at least one storey deep, and have a high flexural 
and shear rigidity (adequately stiff in flexure and shear). Because the outriggers affect 
the interior space, they are generally located at the mechanical equipment floors in 
order not to hinder the use of normal floors. 

The outriggers, which are connected rigidly to the core and by hinges to the 
perimeter columns, increase the effective flexural depth and so the flexural stiffness 
of the system in the direction of bending under lateral loads by enabling the core to 
receive support from the perimeter columns. The outrigger supports the core shear 
truss/wall against bending, creating axial tension and compression on the perimeter 
columns. In this way, the cantilever tube behaviour of the system is ensured, and the 
stiffness of the shear-frame system is increased, while reducing the lateral drift of the 
building to a significant degree. 

At the levels of the outriggers, connecting the perimeter columns to each other 
with belts, improves the efficiency of the system by equalising the axial column loads 
along the perimeter. In this manner, the column, which is connected to the core by the 
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FIGURE 3.29 Outriggered frame system 


outrigger, distributes the axial load effect of the outrigger to other columns by means 
of the belt. A belt consists of a horizontal shear truss or shear wall (or deep beam) 
adequately stiff in flexure and shear, and of equal depth to the outrigger (Figure 3.29). 
In this way, all perimeter columns are connected together to participate in supporting 
the outriggers. Belts are used not only in the abovementioned conventional outrigger 
systems, but also used in the “virtual” outrigger systems. Virtual outrigger concept 
takes advantage of floor diaphragms to eliminate direct connection of core and 
perimeter columns by outriggers. A virtual outrigger consists of belt, and floor slabs 
engaged by belt. In this manner, the problem associated with the space occupied by 
the conventional outriggers is avoided. Efficiency of the virtual outriggers depends on 
the rigidity of the belt and floor slabs at belt levels. 

In cases where an outrigger is used at a single level throughout the height of the 
building, the most effective, and for this reason the optimum location for the outrigger 
is approximately 40-60 per cent of the building height (Smith and Coull, 1991; 
Taranath, 1998) (Section 3.9.2). 

There is a relation between the number of levels where outriggers are used 
throughout the height of the building and their optimum locations. The optimum 
location of “n” number of outriggers used at levels throughout the height of the 
building can be given approximately by the formula 1/(n+1), 2/(n+1) ... n/(n+1) (Smith 
and Coull, 1991) (Section 3.9.2). The optimum locations for outriggers at one or two 
levels throughout the height of the building using various assumptions are calculated 
in Sections 3.9.1 and 3.9.2. 


www.EngineeringBooksPDF.com 


46 Tall Buildings: Structural Systems and Aerodynamic Form 


Nose column 


Perimeter Hammerhead 
shear wall shear wall 
(60cm 


in thickness) 


Corridor 


Reinforced concrete shear wall Reinforced 
core shear wall (60cm concrete 
(varying in thickness in thickness) outrigger 


130-50cm 
from bottom to top) 


Outrigger application 


Floor 19 


FIGURE 3.30 Burj Khalifa, Dubai, U.A.E, 2010 
(photo courtesy of Adrian Peret, adrian.peret@gmail.com) 
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Addition of each new outrigger level increases the stiffness of the building, but by 


a smaller amount than the increase at the preceding level (Smith and Coull, 1991) 
(Section 3.9.2). 


Outriggered frame systems efficiently and economically provide sufficient stiffness 


to resist wind and earthquake induced lateral loads in buildings of more than 40 
storeys. Some examples of tall buildings using the outriggered frame system with 
reinforced concrete structural material include: 


the 163-storey, 828m high Burj Khalifa (Dubai, 2010) (Figure 3.30) 

the 88-storey, 452 m high Petronas Twin Towers (Kuala Lumpur, 1998) (Figure 3.31) 
the 98-storey, 423m high Trump International Hotel & Tower (Chicago, 2009) 
(Figure 3.32) 

the 91-storey, 297 m high Eureka Tower (Melbourne, 2006) (Figure 3.33) 

the 66-storey, 288m high Plaza 66 (Shanghai, 2001) (Figure 3.34) 


and with composite structural material include: 


the 121-storey, 632m high Shanghai Tower (Shanghai, under construction) 
(Figure 3.35) 

the 101-storey, 508m high Taipei 101 (Taipei, 2004) (Figure 3.36) 

the 101-storey, 492m high Shanghai World Financial Center (Shanghai, 2008) 
(Figure 3.37) 

the 108-storey, 484m high International Commerce Centre (ICC) (Hong Kong, 
2010) (Figure 3.38) 

the 66-storey, 450m high Zifeng Tower (Nanjing, 2010) (Figure 3.39) 

the 88-storey, 421m high Jin Mao Building (Shanghai, 1999) (Figure 3.40) 

the 88-storey, 412m high Two International Finance Centre (Hong Kong, 2003) 
(Figure 3.41) 

the 69-storey, 384m high Shun Hing Square (Shenzhen, 1996) (Figure 3.42) 

the 52-storey, 319m high New York Times Tower (New York, 2007) (Figure 3.43) 
the 63-storey, 283m high Cheung Kong Centre (Hong Kong, 1999) (Figure 3.24) 
the 73-storey, 230m high World Tower (Sydney, 2004) (Figure 3.44). 
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The Petronas Twin Towers, Kuala Lumpur, Malaysia, 1998 


FIGURE 3.31 
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FIGURE 3.32 Trump International Hotel & Tower, Chicago, USA, 2009 
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FIGURE 3.33 Eureka Tower, Melbourne, Australia, 2006 
(photos courtesy of David Randerson) 
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FIGURE 3.34 Plaza 66, Shanghai, China, 2001 
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FIGURE 3.35 Shanghai Tower, Shanghai, China, under construction 
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FIGURE 3.36 Taipei 101, Taipei, Taiwan, 2004 
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FIGURE 3.37 Shanghai World Financial Center, Shanghai, China, 2008 
(photo courtesy of Niels Jakob Darger) 
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FIGURE 3.38 International Commerce Centre (ICC), Hong Kong, China, 2010 
(photo on left and drawing on right courtesy of Sun Hung Kai Properties) 
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FIGURE 3.39 Zifeng Tower, Nanjing, China, 2010 
(top right and bottom left drawings courtesy of Ramazan Sari) 
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FIGURE 3.40 Jin Mao Building, Shanghai, China, 1999 
(photo courtesy of Wilfried Blümler) 
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FIGURE 3.41 Two International Finance Centre, Hong Kong, China, 2003 
(photo courtesy of Niels Jakob Darger) 
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FIGURE 3.42 Shun Hing Square, Shenzhen, China, 1996 
(photos courtesy of Derek Forbes) 
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FIGURE 3.43 New York Times Tower, New York, USA, 2007 
(photo courtesy of Antony Wood/CTBUH and plan courtesy of Ilkay Guryay) 
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FIGURE 3.44 World Tower, Sydney, Australia, 2004 
(photo courtesy of Niels Jakob Darger) 
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3.9.1 The behaviour of outriggered frame systems 


When outriggers cantilevered from the core are connected rigidly to the perimeter 
(exterior) columns (Figure 3.45a), these columns are subject to additional bending 
moments and axial forces transferred from the outriggers, and the system cannot 
completely benefit from the moment carrying capacity of the shear core. On the 
other hand, when outriggers are connected by hinges to the perimeter columns 
(Figure 3.45b), by blocking the transfer of the bending moment from the outriggers to 
the columns, the column axial load capacity is increased and the system completely 
benefits from the moment carrying capacity of the shear core. For this reason, hinged 
connections between outriggers and perimeter columns increase the efficiency of the 
system by maximising the utilisation of not only the moment resisting capacity of the 
shear core but also the axial capacity of the columns. 

An analysis is given below within a framework of various assumptions for outrig- 
gered frame systems under uniformly distributed lateral loads, where outriggers are 
located at one or two levels throughout the height of the building. 

In a simplified analytical model, the behaviour of an outriggered frame system 
under lateral loads (Figure 3.46) can be separated into two as a vertical cantilever 
core under lateral loads and as the same core with restoring moment created by the 
outrigger’s levering effect (Figure 3.47). 

The outrigger transfers the restoring moment to the core, acting as a fulcrum, with 
the levering effect restrained by the perimeter columns and resists the rotation of the 


ee Core shear wall / shear truss ae 
Rigid 
connection 
Outrigger 
ae Core shear wall / shear truss Brana 
3 ae Hinge 
connection 
Outrigger Outrigger 


(b) 


FIGURE 3.45 Outrigger to perimeter column connections: (a) rigid connection, (b) hinged 
connection 
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FIGURE 3.46 Outriggered frame system under lateral loads and analytical model 
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FIGURE 3.47 Superposition of analytical model 
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FIGURE 3.48 Diagram of the effect of the outrigger on the moment 
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FIGURE 3.49 Axial deformation of the perimeter columns on two facades perpendicular 
to the bending direction 


core under lateral loads. Thus, by reducing the rotation of the core, both the bending 
moment of the core (Figure 3.48) and the lateral drift at the top of the building 
are reduced. Columns on two facades perpendicular to the bending direction are 
subjected to axial tension or compression, and so are elongated on one side and 
contracted on the other (Figure 3.49). 

The behaviour of outriggered frame systems is analysed below, taking the lateral 
drift at the building top as a basis, in cases where the outriggers are located throughout 
the height of the building at one or two levels. Assuming that the outriggers are so stiff 
that rotation in the outriggers due to axial deformation of the columns and the rotation 
of the core at the same level under lateral loads are equal, the restoring moment 
created by the outrigger and the lateral drift of the outrigger are obtained with the help 
of compatibility equations. Below, an approximate analysis is presented, assuming 
uniform columns, uniform core and uniform outriggers, hoping to be helpful to create 
a rough estimation in preliminary design stage. 

The analysis has been made with the following assumptions: 


e The core is a vertical cantilever rigidly fixed at the base and rigid against shear. 
e Outriggers are rigidly fixed to the core, have hinged connections to the perimeter 
columns to induce axial forces only, and are rigid against shear and flexure. 

e The cross-sectional areas of the columns are constant from the top outrigger down 
to foundation and the moment of inertia of the core is constant throughout the 
building height. 

e The lateral load on the building is constant throughout the building height. 

e The structure is linearly elastic. 


Outriggers can be represented by an equivalent spring of rotational stiffness K at the 
core. The rotational stiffness of this spring (the moment per unit of rotation) for a 
couple of columns (working on opposite sides perpendicular to the bending direction) 
under an axial load p;: 
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where E is the modulus of elasticity. 


Considering all the couple of columns (in elongation and contraction) on the two 
facades perpendicular to the bending direction: 


F Ed? 5 AEC? 
im) 2L AL 


_ AEd? 
= 2L 


The rotational stiffness of outriggers at distance x from the top of the structure is: 


_ AEd? 
he 2(L — x) 


The function of the rotational stiffness of the spring, representing the effect of the 
outrigger on the core, shows that the rotational stiffness of the outrigger is directly 
proportional to the distance of its location from the top of the structure. 


3.9.1.1 The optimum location of a single outrigger level 


FIGURE 3.50 Location of a single outrigger level at distance x from the top 
For the location of a single outrigger level at distance x from the top of the structure 
(Figure 3.50), the lateral drift at distance x from the top of the structure is: 


_wit_ M, 2 x2 
Yo = BET ~ DEP E TP 


and the restoring effect of the outrigger on the lateral drift at the top of the structure is: 
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where El is the flexural rigidity. 


M, must be found in the above equations. This is done using the rotation equations. 
The rotation of the core at the level where the outrigger is located is: 
(A ~ 6. = M, / K 

M M 


aø 795 


Ww 3 3 
a ET) 


x 


From the above equation, M, is found. 


_  W/(6EI) 3 3, WE na 
ae RE A x) = rig & +x+1) 
E E K 


In the equation for the outrigger effect on the lateral drift at the top of the structure, 
assuming that 


_1 2 
C= ae 
then, 


2 W ry 
Yai ~ 12(El)? C (L x )(L F x) 


The lateral drift at the top of the structure is: 


= wL* WwW 3 3 
Yeo = BET TEPC NAER 


The location of the outrigger level that has the greatest effect on the lateral drift at 
the top of the structure is the location where the y,_, function has the minimum, or 
Yo function has the maximum value. Therefore, the optimum location of a single 
outrigger level is obtained by differentiating the y,_, function with respect to x, and 
equating to zero. 


x =0.455L 


In the equation for the lateral drift at the top of the structure, for x=0.455L, the lateral 
drift at the top of the structure is: 


— Wit Wht 44 
8EI 12(E)° C ` 


and the restoring moment of the outrigger is: 


_ wl? 
M= SEIC 1.66 
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3.9.1.2 The optimum location of two outrigger levels 


FIGURE 3.51 


Location of two outrigger levels at distances x, and x, from the top 


67 


For the location of two outrigger levels at distances x, and x, from the top of the 
structure, the lateral drift at the top of the structure is (Figure 3.51): 


wL’? 
Yx=0 BE] 


zy IM, (P x2) + M, (P -x3)] 


and the restoring effect of the outriggers on the lateral drift at the top of the structure is: 


Ti 3 [M, (L? =X) + M, (L? -x3] 


M, and M, must be found in the above equations. This is done using the rotation 


equations. 


The rotations of the core at the levels where the outriggers are located are: 


M M 
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Assuming that: 


ile 2 
C= Ft Age 


From the above equations, M, and M, can be found. 


w 
(L—x,)(L+x,+x,) = —— (PL + Lx,- X, X, = xî) 


n 6EIC 


Zew 
2 6EIC 
The lateral drift at the top of the structure is: 


4 
Yao sA ete T [(x7 + x,x, + xE- x?) +L + Lx, -xx — xf) (P -xi 


The location of the outrigger levels that have the greatest effect on the lateral drift at 
the top of the structure are the locations where the y,,_, function has the maximum 
values. Therefore, the optimum locations for two outrigger levels are obtained by 
differentiating the y, function with respect to x, and x, and equating to zero. 


x, = 0.311 
x, = 0.691 
The lateral drift at the top of the structure is: 


_wlt __wl' ] 
Y="SH Wiehe ` 


and the restoring moments of the outriggers are: 


= WL -wL 
M, = thie 0.79 M, = fic 1.38 


3.9.1.3 Two outrigger levels, one at the top of the structure and the other at the 
optimum location 


In the equation of the restoring effect of two outrigger levels on the lateral drift at the 
top of the structure, when x,=0, the optimum location x, is obtained by differentiating 
the y „o function with respect to x, and equating to zero. 


x, = 0.57741 
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In the equation for the lateral drift at the top of the structure for two outrigger levels, 
when x,=0, and x,=0.5774L, the lateral drift at the top of the structure is: 


_ wht __wl* 
Y= "se TEC ° 


and the restoring moments of the outriggers are: 


_ wl? _ wl? 
M, = SEIC 0.33 M, = SEIC 1.58 


3.9.1.4 The lateral drift at the top of the structure when a single outrigger level is 
located at the top of the structure 


The equation for the lateral drift at the top of the structure for a single outrigger level 
is used, and x is taken as zero (x=0) since the outrigger level is located at the top of 
the structure. 


The lateral drift at the top of the structure is: 


_ wWlt wilt 
Yy-0 = SFT ` T2(E C 


and the restoring moment of the outrigger is: 


wL? 


~ 6EIC 


3.9.2 Evaluation of outriggered frame systems 


The optimum locations, lateral drift at the building top and restoring moments of 
outriggered frame systems are summarised in Table 3.2. 
According to Table 3.2: 


1. Assessing the reduction of lateral drift at the top of the structure due to the 
addition of outriggers to a shear-frame (shear trussed/braced or shear walled 
frame) system, 

a. fora single outrigger level at the top of the structure, the lateral drift at the top 
of the structure is reduced by 67 per cent/(EIC) 

b. fora single outrigger level at the optimum location, the lateral drift at the top 
of the structure is reduced by 88 per cent/(EIC), 

c. for two outrigger levels, one at the top of the structure and the other at the 
optimum location, the lateral drift at the top of the structure is reduced by 92 
per cent/(EIC), 

d. for two outrigger levels at the optimum locations, the lateral drift at the top of 
the structure is reduced by 96 per cent/(EIC), 
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TABLE 3.2 Evaluation of outriggered frame systems 
Restoring moment 


Single outrigger level at E -wLt__ wl’ M= wL? 
the top of the structure XEN Yx-0 = BET ` T2(EN? C 6EIC 


Single outrigger level at 


x=0.455L y= Wh’ _ _wl" 135 y= Wl’ 1.66 


the optimum location 8EI 12(EN? C ~ 6FIC 
‘ 12 

Two outrigger levels, one x,=0 -wLt__ wlt _ 1.38 M= WE- 0.33 
at the top of the structure x,=0.5774L n= BEI 12E)? C "BEIG 
_ wL’? 

M, = GEIC 1.58 

Two outrigger levels at x,=0.31L _wl* _ wL’ M, = WE 0.79 
the optimum locations x,=0.69L Y = SFI 12(E)? C 1s 1 GEC 
_ wl? 

M, = GEIC 1.38 


where El is the flexural rigidity, and C is the constant defined by the following 
equation: 


1, 2 
C= Ht AEP 


2. Assessing the contribution of outriggers to the reduction in lateral drift at the top 
of the structure, 

a. the contribution of a single outrigger level at its optimum location is 
32 per cent higher than the contribution from a single outrigger level located 
at the top of the structure. 

b. the contribution of two outrigger levels at their optimum locations is 
12 per cent higher than the contribution of a single outrigger level at its 
optimum location. 

c. two outrigger levels, one at the top of the building structure and the other 
at the optimum location, contribute 6 per cent more than that of a single 
outrigger level at its optimum location. 


In this case, it is debatable whether the reduction of 6 per cent of the lateral drift 
justifies the economic cost of adding a second outrigger level at the top of the 
structure. 


3. 64 per cent of the total restoring moment of two outrigger levels at the optimum 


locations comes from the lower outrigger; 83 per cent of the total restoring 
moment of two outrigger levels, where one is at the top of the structure and the 
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other is at the optimum location, comes from the lower outrigger. The outrigger 


that is closest to the base of the structure provides the most restoring moment, and 
its share in the total restoring moment is reduced when the number of outriggers 


is increased and it is placed in the optimum location. 


3.10 Tube systems 


The tube system was innovated in the early 1960s by the famous structural engineer 


Fazlur Rahman Khan who is considered the “father of tubular design” 


(Weingardt, 


2011). The tube system can be likened to a system in which a hollow box column 


is cantilevering from the ground, and so the building exterior exhibits a tubular 


behaviour against lateral loads. This system is evolved from the rigid frame system and 


can be defined as a three-dimensional rigid frame having the capability of resisting 
all lateral loads with the facade structure. The tube system was used for the first time 
as the framed-tube system in the 43-storey, 120m high The Plaza on Dewitt (formerly 


Dewitt-Chestnut Apartments) (Chicago, 1966) 


by Fazlur Rahman Khan. 


) 


(Figure 3.52 


FIGURE 3.52 The Plaza on Dewitt, Chicago, USA, 1966 


(photo courtesy of Marshall Gerometta/CTBUH) 
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In tubular design, the rigidity of the structural system against lateral loads can be 
increased with solutions such as: 


e closer spacing of the perimeter columns 

e increasing the depth of the spandrel beams connected to the perimeter columns 
e adding shear trusses/braces or shear walls to the core 

e adding an inner tube in place of the core (tube-in-tube) 

e adding a truss (multi-storey braces) to the building exterior (trussed-tube) 

e combining more than one tube (bundled-tube). 


In tube systems, the tube formed around the building exterior is designed to resist all 
lateral and vertical loads. If there is a structural core in the interior of the building, it 
is assumed to support some part of the vertical loads. Adding a second tube instead 
of a core can increase the stiffness of the structural system to support some part of the 
vertical and lateral loads. 

As well as its structural efficiency, in a tube system it increases the net usable area 
of the building while reducing the dimensions of the structural elements in the core, 
thanks to the tubular exterior frame supporting the entire lateral load. Tube systems 
can be used in several geometrical forms like rectangular, square, triangular, circular 
and even free-forms in the plan (Figure 3.53). 

Tube systems efficiently and economically provide sufficient stiffness to resist wind 
and earthquake induced lateral loads in buildings of more than 40 storeys. 

Tube systems can be divided into three types: 


e framed-tube systems 
e trussed-tube systems 
e bundled-tube systems. 
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FIGURE 3.53 Some forms of tube systems 
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3.10.1 Framed-tube systems 


The framed-tube systems, which constitute the basis of tube systems, can be described 
as having evolved from rigid frame systems and are alternative to shear frame systems. 
The outstanding structural engineer Fazlur Rahman Khan innovated the framed-tube 
system. 

The most significant feature of the system, also known as the “vierendeel tube 
system” or “perforated tube system”, is the closely spaced perimeter/exterior columns, 
which are usually spaced at 1.5 to 4.5m centres, connected by deep spandrel beams 
at floor levels. If there is a need to increase the column spacing, in order to secure the 
behaviour of the framed-tube system, it is necessary to increase the dimensions of the 
perimeter columns and spandrel beams. 

The dimensions and spacing of the columns and the flexural rigidity of the spandrel 
beams directly affect the tubular behaviour of the framed-tube system. In the framed- 
tube system, pure tubular cantilever behaviour cannot be fully achieved because of 
the flexibility of the spandrel beams so that there can be slight bending deformation 
while transferring the shear forces to the columns. The real behaviour of the system 
is between the behaviour of a vertical cantilever and that of a frame. Limited flexural 
and shear rigidity (flexibility) of the spandrel beams results in bending deformation, so 
the axial stresses in the corner perimeter columns increase while they decrease in the 
inner perimeter columns. In this way, the distribution of axial compressive and tensile 
stresses formed in the perimeter columns in response to the lateral loads cannot 
be linear (Figure 3.54). This phenomenon is known as “shear lag”, which depends 


Actual stress distribution 
in columns with shear lag 


Compression 


Compression 


Tension 


Lateral load 


FIGURE 3.54 The distribution of tension and shear lag in perimeter columns in a 
framed-tube system 
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upon the stiffness of the spandrel beam. Making the spandrel beams deeper and 
the perimeter columns more closely spaced mitigates the “shear lag” phenomenon. 
Placing the long sides of the rectangular columns’ cross-sections along the building 
facade also contributes positively to the stiffness of the spandrel beams. 

The behaviour of the framed-tube is obtained by placing the perimeter columns 
usually at 1.5 to 4.5m centres. Closely spacing the perimeter columns and increasing 
the depth of the spandrel beams may test the height limits of the framed-tube system. 
For example, in the 110-storey, 415/417 m high World Trade Center Twin Towers (New 
York, 1972) (Figure 3.55), the perimeter columns were spaced at 1.02 m centres with 
0.66m in clear span (Chapter 4). 

Closely spaced perimeter columns can obstruct the panoramic exterior view from 
inside the building and, at the ground floor, inhibit the creation of inviting public 
spaces with wide entrances such as lobbies and shopping centres. As a solution, with 
the aim of preventing the difficulties of access experienced when passing through 
these spaces at the building entrance, deep transfer arches or beams can be used, 
as in the 20-storey, 84m high IBM Building (Seattle, 1964) (Figure 3.56a); and the 
42-storey, 183 m high U.S. Bank Center (formerly First Wisconsin Center) (Milwaukee, 
1973) (Figure 3.56b); or branching columns can be used, as in the 110-storey, 
415/417m high World Trade Center Twin Towers (New York, 1972) (Figure 3.56c). 
Below the transfer levels formed by transfer beams and branching columns, closely 
spaced columns are replaced with widely spaced columns. 
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FIGURE 3.55 World Trade Center Twin Towers, New York, USA, 1972 
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FIGURE 3.56 Configurations of the ground floor in the framed-tube system 


The innovator of the idea of the framed-tube, the creative structural engineer 
Fazlur Rahman Khan, used it for the first time in the 43-storey, 120m high The Plaza 
on Dewitt (Chicago, 1966) (Figure 3.52), which has a reinforced concrete structural 
system. 

Some examples of tall buildings using the framed-tube system with steel structural 
material include: 


e the 110-storey, 415/417m high World Trade Center Twin Towers (New York, 
1972) (Figure 3.55) 


and with reinforced concrete structural material include: 

e the 33-storey, 144m high Torre Agbar (Barcelona, 2004) (Figure 3.57) 

e the 63-storey, 223m high Olympia Centre (Chicago, 1986) (Figure 3.58) 

e the 41-storey, 167m high First Canadian Centre (Calgary, 1982) (Figure 3.59). 
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FIGURE 3.57 Torre Agbar, Barcelona, Spain, 2004 
(photo on left courtesy of Niels Jakob Darger and on right courtesy of PERI Gmbh) 
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FIGURE 3.58 Olympia Centre, Chicago, USA, 1986 
(photo courtesy of Marshall Gerometta/CTBUH) 
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FIGURE 3.59 First Canadian Centre, Calgary, Canada, 1982 
(photo courtesy of Fiona Spalding-Smith) 
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The diagrid-framed-tube system can be formed by using closely spaced diagonal 
braces instead of vertical columns (Figure 3.60). This system is more effective against 
lateral loads than the conventional framed-tube system. Placing the elements in a 
closely spaced diagrid pattern provides sufficient resistance against vertical and lateral 
loads. While the shear forces caused by lateral loads are met by the bending strength 
of the columns and beams in the framed-tube system, in the diagrid-framed-tube 
system they are met by the axial compressive and tensile strength of the diagonal 
braces. In tall buildings where lateral loads are critical, shear forces are met by axial 
deformation of the diagonal braces instead of bending deformation of the beams and 
columns, which significantly increases the efficiency of the structural system. 

Some examples of tall buildings using the diagrid-framed-tube system with steel 
structural material include: 


e the 41-storey, 180m high 30 St Mary Axe (London, 2004) (Figure 3.61) 
with reinforced concrete structural material include: 


e the 40-storey, 118m high COR Building (Miami, project pending) (Figure 3.62) 
e the 22-storey, 106m high O-14 (Dubai, 2010) (Figure 3.63) 


and with composite structural material include: 
e the 103-storey, 439m high Guangzhou International Finance Center (Guangzhou, 


2010) (Figure 3.64) (Ali and Moon, 2007) 
e the 46-storey, 182m Hearst Magazine Tower (New York, 2006) (Figure 3.65). 


FIGURE 3.60 Diagrid-framed-tube system 
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FIGURE 3.61 30 St Mary Axe, London, UK, 2004 
(photos courtesy of Nigel Young/Foster + Partners; drawings on previous page courtesy of 
Abbas Riazibeidokhti; and drawings on this page courtesy of Foster + Partners) 
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FIGURE 3.62 COR Building, Miami, USA, project pending 
(credit for Images: DBox Inc.) 


Reinforced concrete 
perforated tube 


FIGURE 3.63 O-14, Dubai, U.A.E, 2010 
(credit for photos: Reiser +Umemoto, RUR Architecture, PC) 
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FIGURE 3.65 Hearst Magazine Tower, New York, USA, 2006 


(photo on right courtesy of Antony Wood/CTBUH and drawing on left courtesy of Ozgur 
Ozturk) 
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3.10.2 Trussed-tube systems 


In the framed-tube system, closely spaced perimeter columns can obstruct the 
panoramic exterior view from inside the building. In order to increase the spacing 
between the columns without inhibiting the tubular behaviour, connecting the 
perimeter columns with exterior multi-storey braces led to the development of the 
trussed-tube (braced-tube) system (Figure 3.68). Trussed-tube system can be described 
as the improvement of the framed-tube system, and it was likewise innovated by 
Fazlur Rahman Khan. 

Adding braces to the exterior of the framed-tube system makes it approach very 
closely pure tubular cantilever behaviour by increasing the structural stiffness, effec- 
tiveness, and reduces the negative effect of the “shear lag” caused by the flexibility of 
the spandrel beams. Compared with the framed-tube system, the trussed-tube system 
gives scope for increasing the height of the structure with wider spacing between 
columns. As in the case of the 59-storey, 279m high Citigroup Center (New York, 
1977) (Figure 3.66) and the 100-storey, 344m high John Hancock Center (Chicago, 
1969) (Figure 3.67), maximum column spacing is 11.5m and 13.3m centres 
respectively. 

Fazlur Rahman Khan emphasised that the exterior braces, which made it possible 
to have wide spaces between the columns, would behave like inclined columns, and 
moreover they transferred load to or from the columns by allowing redistribution of 
the stresses resulting with almost evenly load distribution in the columns. According 
to Khan, this system would increase the structural system’s efficiency and that this 
would allow the construction of supertall buildings. 

In buildings with steel or composite trussed-tube systems, multi-storey braces 
(diagonal or X-braces) are used on the facade of the building (Figure 3.68a). In the 
case of buildings with reinforced concrete trussed-tube systems, spaces between the 
columns are filled with reinforced concrete shear walls to form multi-storey diagonal 
or X-brace pattern on the exterior of the building (Figure 3.68b). 

Fazlur Rahman Khan used the trussed-tube system for the first time in the 
100-storey, 344m high John Hancock Center (Chicago, 1969), with a steel structural 
system (Figure 3.67). The 50-storey, 174m high 780 Third Avenue Building (New York, 
1983) (Figure 3.69) was the first reinforced concrete building in which a trussed-tube 
system was used. 

Some examples of tall buildings using the trussed-tube system with reinforced 
concrete structural material include: 


e the 58-storey, 174m high Onterie Center (Chicago, 1986) (Figure 3.70) 

and with composite structural material include: 

e the 72-storey, 367m high Bank of China Tower (Hong Kong, 1990) (Figure 3.71) 
(Colaco, 2005; Kijewski-Correa, 2002) 


e the 59-storey, 279m high Citigroup Center (New York, 1977) (Figure 3.66) 
e the 49-storey, 234m high CCTV Headquarters (Beijing, 2011) (Figure 3.72). 
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FIGURE 3.66 Citigroup Center, New York, USA, 1977 
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FIGURE 3.67 John Hancock Center, Chicago, USA, 1969 
(photo courtesy of Marshall Gerometta / CTBUH) 
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FIGURE 3.68 Trussed-tube system: (a) Steel or composite, (b) Reinforced concrete 
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FIGURE 3.69 780 Third Avenue Building, New York, USA, 1985 
(photo courtesy of Marshall Gerometta/CTBUH) 


FIGURE 3.70 Onterie Center, Chicago, USA, 1986 
(photo courtesy of Marshall Gerometta/CTBUH) 
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FIGURE 3.71 Bank of China Tower, Hong Kong, China, 1990 


FIGURE 3.72 CCTV Headquarters, Beijing, China, 2011 
(courtesy of M.Bunyamin Bilir) 
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Ali and Armstrong (1995), and Ali and Moon (2007) define the system used in 
one of these examples, the Bank of China Tower, as a “space truss system, being a 
development of the trussed-tube system”. According to the authors, because of its 
four mega columns at the corners and the mega braces which connect them, it is 
possible to classify the Bank of China Tower's structural system not only as a trussed- 
tube system, but also as a mega column, a mega frame, or a space truss system. In 
appearance although it resembles a structure with distinct tubes terminating at several 
layers, the Bank of China’s structural system is not a bundled-tube system. 


3.10.3 Bundled-tube systems 


Bundled-tube systems are a combination of more than one tube (framed-tube and/or 
trussed-tube) acting together as a single tube (Figure 3.73). Like the framed-tube and 
trussed-tube systems, the bundled-tube system was also innovated by the structural 
engineer Fazlur Rahman Khan. Among the advantages of the bundled-tube system are: 
the securing of architectural freedom thanks to the ability to create tubes of different 
heights in the system; the attainment of higher building heights and wider column 
spaces than in framed-tube systems; and the ability to control the aspect ratio. 

In the bundled-tube system, setbacks with floor plans of different shapes and 
dimensions are obtained by ending tubes at the desired levels. Single tubes in the 
system can be arranged together in different shapes such as rectangles and triangles, 
and thus different forms can be created. 

As the heights of buildings increase, in general their aspect ratios also increase. The 
increase in the aspect ratio increases the slenderness and flexibility of the building, 
and thus its lateral drift. In order to keep control of the aspect ratio, it is necessary to 
increase the cross-sectional dimensions of the base, which affects the denominator in 
this ratio. In bundled-tube systems consisting of two or more tubes, the tubes can rise 
to different levels of the building height (Figure 3.73). Thus, in bundled-tube systems, 
the increase in the cross-sectional dimensions at the ground floor in order to control 
the slenderness of the building makes it possible to reduce the cross-sectional dimen- 
sions by different amounts throughout the height of the building. 

In bundled-tube systems formed from framed-tubes and/or trussed-tubes, greater 
building heights and wider column spaces are obtained than in framed-tube systems. 
For example, in the Willis Tower (Chicago, 1974) (Figure 3.73), which has 9 framed- 
tubes, the spaces between the columns are much greater than the column spaces in 
a framed-tube building of the same height. While the 110-storey, 415/417m high 
World Trade Center Twin Towers had perimeter columns spaced at 1.02 m centres, the 
108-storey, 442 m high Willis Tower has perimeter columns spaced at 4.6m centres. 

Some examples of tall buildings using the bundled-tube system with steel structural 
material include: 


e the 108-storey, 442 m high Willis Tower (Chicago, 1974) (Figure 3.73) 
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and with reinforced concrete structural material include: 

e the 57-storey, 205m high One Magnificent Mile (Chicago, 1983) (Figure 3.74) 
and with composite structural material include: 


e the 55-storey, 233m high Wachovia Financial Center (Miami, 1983). 
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FIGURE 3.73 Willis Tower, Chicago, USA, 1974 
(photo courtesy of Antony Wood/CTBUH) 
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FIGURE 3.74 One Magnificent Mile, Chicago, USA, 1983 (Kim and Elnimeiri, 2004) 
(photo courtesy of Marshall Gerometta/CTBUH) 
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TALL BUILDING CASE STUDIES 


Home Insurance Building 


OFFICIAL NAME: Home Insurance Building 

LOCATION: Chicago, USA 

BUILDING FUNCTION: Office 

ARCHITECTURAL HEIGHT: 55m 

NUMBER OF STOREYS: 10+2 (added in 1890) 

status: Demolished to make way for a new building (1931) 
COMPLETION: 1885 

ARCHITECT: William Le Baron Jenney 

STRUCTURAL ENGINEER: William Le Baron Jenney 

STRUCTURAL SYSTEM: Rigid frame system/steel 
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Home Insurance Building: architectural and structural information 


The 12-storey, 55m high, Home Insurance Building in Chicago (USA) was designed 
by engineer William Le Baron Jenney. It is a steel building with a rigid frame system. 
Known as the “father of skyscrapers”, the Home Insurance Building is regarded as the 
first skyscraper. 

The Home Insurance Building opened a new era in tall building construction and 
took the title of “first skyscraper”, owing to Le Baron Jenney’s idea of using iron and 
steel elements for the structure of a tall building instead of thick stone walls and as 
a development of this, his discovery of the frame structural system consisting of a 
skeleton of horizontal beams and vertical columns. The frame structural system used 
in the Home Insurance Building became a model for subsequent tall building designs. 

Although it did not break the height record, the Home Insurance Building is unique 
in being the first building designed with a frame structural system consisting of iron 
and steel elements, instead of masonry walls, as structural support. Compared with a 
building with load-bearing masonry walls and the same number of storeys, the metal 
skeleton was three times lighter and the exterior walls were designed only to protect 
the building from adverse weather conditions and not to provide structural support. It 
was recognised as having many more and larger window openings in its facade than 
other buildings of its era. 

With the commencement of the use of non-structural perimeter and partition 
elements in tall buildings instead of thick masonry load-bearing walls, thanks to the 
appearance of the Home Insurance Building and the frame system, the architectural 
and financial value of the spaces within buildings was increased and more usable 
space and natural light was obtained in the interior. Thus, just as this development 
made the construction of tall buildings much more practical, it also increased their 
utility. 
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Empire State Building 


OFFICIAL NAME: Empire State Building 

LOCATION: New York, USA 

BUILDING FUNCTION: Office 

ARHITECTURAL HEIGHT: 381 m 

NUMBER OF STOREYS: 102 

status: Completed 

COMPLETION: 1931 

ARCHITECT: Shreve Lamb & Harmon Associates 
STRUCTURAL ENGINEER: H.G. Balcom & Associates; Post and McCord; Strong & Jones 
Engineers 

STRUCTURAL SYSTEM: Shear trussed frame system/steel 


= > 


(courtesy of Antony Wood/CTBUH) 


Empire State Building: architectural and structural information 


The 102-storey, 381m high Empire State Building in New York (USA) was designed 
by Shreve Lamb & Harmon Associates. It is a steel building with a shear trussed frame 
system. The Empire State Building gained the title of “the world’s tallest building” in 
1931. Currently, it has held the title of “the world’s tallest building” for the longest 
period (41 years, 1931-1972). 
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Legendary as a national historical monument symbolising American courage and 
skill, the Empire State Building, with the style of its facade and its long-held title of 
“the world’s tallest building”, shaped the city’s skyline as the spirit of the Art Deco 
period and New York’s international architectural icon. 

The concrete-encased braced frames (shear trusses), which give the Empire State 
Building's structural system its basic character (Figure 4.1), were designed to resist 
the entire vertical and lateral loads with the help of a stone cladding on the facade. 
Although it is not included in the calculations for the structural analysis, the concrete 
encasement makes a significant contribution to the shear-trussed frame’s strength 
against wind induced lateral loads. 


~42m 


FIGURE 4.1 Empire State Building plan and section 
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Bahrain World Trade Center (BWTC) 


OFFICIAL NAME: Bahrain World Trade Center 

LOCATION: Manama, Kingdom of Bahrain 

BUILDING FUNCTION: Mixed-use (office, commercial) 

ARCHITECTURAL HEIGHT: 240 m 

NUMBER OF STOREYS: 45 

status: Completed 

COMPLETION: 2008 

ARCHITECT: WS Atkins & Partners 

STRUCTURAL ENGINEER: WS Atkins & Partners 

STRUCTURAL SYSTEM: Shear walled frame system/reinforced concrete 


(credit for photo: WS Atkins & Partners, Middle East) 


Bahrain World Trade Center: architectural and structural information 


95 


The 45-storey, 240m high Bahrain World Trade Center in Bahrain (Manama) was 
designed by WS Atkins & Partners. It is a reinforced concrete building with a shear 
walled frame system. The BWTC was recognised as the winner of the award: “Best Tall 


Building 2008, Middle East and Africa” by CTBUH. 


The BWTC is the first in the world to integrate large-scale wind turbines on to a 
building. The main design idea of the building was inspired by the aerodynamics 
of sails and traditional Arabian wind towers. The BWTC draws attention not only 
to sail-shaped twin towers but also to innovative and pioneer approaches towards 
sustainability. The building makes new attempts with regard to sustainable archi- 
tecture by converting wind energy to electrical energy to reduce the total energy 
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FIGURE 4.2 Site of BWTC 
(credit for photo: WS Atkins & Partners, Middle East) 


FIGURE 4.3 Initial sketches by Shaun Killa 
(credit for drawings: WS Atkins & Partners, Middle East) 
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consumption of the building. The premium for including the wind turbines cost less 
than 3 per cent of the project value but on the other hand 11-15 per cent of the 
electrical energy consumption of the building is expected to be generated. Besides 
the wind turbine renewables, the building includes some other sustainable features, 
such as buffer spaces between the external environment and air conditioned spaces, 
shading devices for sun control, energy efficient lighting system with zonal control 
and dual drainage systems for water recycling etc. 

Located in the downtown central business of Manama, BWTC has an impressive 
site overlooking the Arabian Gulf. At the beginning of the site analysis, Atkins’ 
principal architect and keen sailor Shaun Killa realised the potential of the prevailing 
onshore wind having direction almost perpendicular to the site (Figure 4.2). After 
the analysis of the wind, the architect has decided to convert this condition into an 
advantage by emphasising a well-designed sustainable solution. 

According to the design inspiration idea, for harnessing the prevailing north- 
westerly onshore breeze from the Gulf and using its energy, the architect formed the 
twin towers and integrated the horizontal-axis wind turbines with the help of the 
bridges between them (Figure 4.3). 

The fact that the wind turbines can generate energy depends on the consistent 
wind energy with the capability of the horizontal wind turbine blades adjusting 
themselves to the prevailing wind direction. However, in the BWTC, the blades of 
the turbines could not adjust themselves to changing wind directions due to their 
standstill positions on the bridges. To cope with the problem, the architect focused 
on the shape and the position of the towers directly and decided to design the 
building in such a way to obtain optimum onshore wind flow among the towers. In 
this context, the design process is based on an “aerodynamic architectural design 
approach” (Section 6.1) by using wind tunnel testing together with Computational 
Fluid Dynamics (CFD) Modelling. 

The elliptical plan forms funnelling the onshore breeze augment the wind flow 
and thus accelerate the wind velocity (up to 30 per cent amplifying the wind speed) 
and create a negative pressure behind the towers. The tapering shape of the towers 
towards the top reduces the effect of the augmentation of the wind flow. This effect, 
together with the velocity profile of the wind being lowest at the ground level, allows 
all the three wind turbines to rotate almost at the same speed and thus generating the 
same energy. Wind tunnel tests show that when the towers are subjected to onshore 
wind not perpendicular but with oblique angles of 45° in direction, the centre of the 
wind stream remains nearly perpendicular to the turbines. 

Between the BWTC towers, to support wind turbines, three steel V-shape bridges 
(173° to avoid blade strike during extreme conditions) spanning 31.7m in length 
are connected to the towers at different levels. They allow the towers to move 0.5m 
towards each other. Three 29m diameter horizontal axis wind turbines are located at 
bridge levels 60m, 96m and 132m respectively above the ground (Figure 4.4). 

In plan, on one side of the towers, there is a service area placed close to the wind 
turbines to prevent undesirable noise and vibration in offices and the shopping mall 
area. On the other side of the towers, there are two different types of columns: one is 
circular in cross-section and angular in both directions and the other is rectangular in 
cross-section; both are inclined almost 15° (Figure 4.5-4.6). 
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FIGURE 4.4 BWTC horizontal axis wind turbines 
(credit for photo: WS Atkins & Partners, Middle East) 
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FIGURE 4.5 BWTC plan 
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FIGURE 4.6 BWTC structural axonometric 
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Pirelli Building 


OFFICIAL NAME: Pirelli Building 
LOCATION: Milan, Italy 

BUILDING FUNCTION: Office 
ARCHITECTURAL HEIGHT: 127m 

NUMBER OF STOREYS: 32 

status: Completed 

COMPLETION: 1958 

ARCHITECT: Gio Ponti 

STRUCTURAL ENGINEER: Pier Luigi Nervi 
STRUCTURAL SYSTEM: Shear walled frame 
system/reinforced concrete 
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FIGURE 4.7 Pirelli Building plans 
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Pirelli Building: architectural and structural information 


The 32-storey, 127m high Pirelli Building in Milan (Italy) was designed by Gio Ponti. 
It is a reinforced concrete building with a shear walled frame system. The Pirelli 
Building is the first building utilising the interactive system of frames and shear walls. 
It was the highest building with reinforced concrete structure and gained the title of 
“the world’s tallest reinforced concrete building” at that time in Europe. The Pirelli 
Building became a symbol of Milan and national economic development. 

The innovation of utilising the interaction between rigid frames and shear walls 
to carry the lateral loads was first used by Pier Luigi Nervi in the structural design of 
the Pirelli Building. Architect Gio (Giovanni) Ponti and structural engineer Pier Luigi 
Nervi designed and realised the Pirelli Building together. The building is original and 
unique in terms of its architectural merits as well as structural inventiveness. 

The Pirelli Building, being a different shape to a customary block form, has a 
tapered plan where the width of the building reduces towards the edges. The ground 
floor has a convex lens shaped plan with a length of 75.5m and a maximum width of 
20.5m (Figure 4.7). 

At the two sides of the building, two rigid triangular reinforced concrete core shear 
walls that hold the service areas were not sufficient for wind and earthquake induced 
lateral loads. Therefore, two reinforced concrete mega shear walls tapering toward 
the top were also added. The central core shear walls also help the stability of the 
structure. A large scale (1:15) model (about 10m) was created and a series of tests 
were carried out in order to verify the effects of the action of the wind and earthquake 
induced lateral loads. 

Gio Ponti (1891-1979) had his own philosophy of design which was expressed as 
architecture as a work of art should inherit the following qualities: 


e formal and structural inventiveness 
e — essentiality 

e  representativeness 

e expressiveness 

e — illusiveness 

e perpetuity. 


Gio Ponti insists that the value of “closed form — forma finite” is one of the constituent 
elements of the essentiality. Since he defined architecture as a work of art (the work 
of art, architecture, is permanent, perpetual; it cannot be repeatable and imitable), it 
should have a complete and finite form so that nothing could be added, nor subtracted 
from it. During the design process of the Pirelli Building, he achieved this principle by 
making the building ends like a knife-edge, thus creating a finished and closed form. 

Gio Ponti and his collaboraters created a beautiful purist sculpture in the heart 
of Milano as well as a symbol of the power and prosperousness of Italy. E. Kaufman 
commented “A new look in the old American art of the skyscraper” (quoted in Ponti, 
1956, p. 164). 
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Aspire Tower 


OFFICIAL NAME: Aspire Tower 

LocaTION: Doha, Qatar 

BUILDING FUNCTION: Mixed-use (hotel, office) 
ARCHITECTURAL HEIGHT: 300 m 

NUMBER OF STOREYS: 36 

status: Completed 

COMPLETION: 2006 

ARCHITECT: Hadi Simaan 

STRUCTURAL ENGINEER: Ove & Arup Partners 

STRUCTURAL SYSTEM: Mega core system/reinforced concrete 


(credit for photo: CTBUH) 


Aspire Tower: architectural and structural information 


The 36-storey, 300m high Aspire Tower in Doha (Qatar) was designed by Hadi 
Simaan. It is a reinforced concrete building with a mega core system. 

The Aspire Tower, whose shape represents a hand holding a flaming torch, was the 
most important building of the 15th Asian Games held in Qatar in 2006 (Figure 4.8). 
The 238m high mega core, together with the 62 m high steel truss structure it carries, 
completes the design of the building. 

The mega core as the spine of the building resists all the entire vertical and lateral 
loads and supports the cantilevered modules of the building together with the curved 
external facade. A reinforced concrete mega core shear wall has a circular cross- 
section with an external diameter varying between 18 to 13m (from bottom to top) 
and thickness varying between 2 to 1m (from bottom to top) throughout the height of 
the building (Figure 4.9). 
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Composite (metal deck with concrete topping) floor slabs in the modules are canti- 
levered up to 11.3m from the core and supported by discontinuous steel perimeter 
columns down through the height of the modules. The bottom slab of each module 
is a strengthened cantilever floor slab which supports the perimeter columns of the 
upper storeys in the module. Strengthened cantilever slabs of modules protrude from 


Reinforced concrete mega core 
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wall thickness of 18 to 13m and 2 to 1m 
respectively from bottom to top) 


Reinforced concrete 
mega core 
Discontinuous 
perimeter column 


Strengthened 
cantilever 
slab 


13 13-18 113m | 
top wot 35 aia ‘up ot 
+ —— F- 


Health club & presidential suite floor 


Hotel floor 


FIGURE 4.10 Aspire Tower plan, section and structural axonometric 
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the core and are supported at the cantilever root by steel radial beams with brackets 
(Figure 4.10). 

Some part of the surface of the facade on the building is in the form of permeable 
mesh and some part being in the form of solid cladding. By means of the wind 
permeable part of the facade, the across-wind effect (wind induced turbulence force 
or vortex shedding force) on the building is reduced and as a result, the response of 
the building in the along-wind direction, rather than its response in the across-wind 
direction (which is generally more complicated and critical than the along-wind 
response with regard to the building acceleration and occupant comfort) becomes 
critical and governs the design. 
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HSB Turning Torso 


OFFICIAL NAME: HSB Turning Torso 

LOCATION: Malmö, Sweden 

BUILDING FUNCTION: Residential 

ARCHITECTURAL HEIGHT: 190m 

NUMBER OF STOREYS: 57 

status: Completed 

COMPLETION: 2005 

ARCHITECT: Santiago Calatrava 

STRUCTURAL ENGINEER: SWECO 

STRUCTURAL SYSTEM: Mega core system/reinforced concrete 


(photo on left courtesy of PERI Gmbh and photo on right courtesy of Santiago Calatrava/ 
Samark Architecture & Design) 


HSB Turning Torso: architectural and structural information 


The 57-storey, 190m high HSB Turning Torso in Malmö (Sweden) was designed by 
Santiago Calatrava. It is a reinforced concrete building with a mega core system. The 
HSB Turning Torso was awarded a prize by the International Concrete Federation as 
“the world’s most technically interesting and spectacular reinforced concrete building 
constructed in the last 4 years”. 

The HSB Turning Torso, is an important project in the redevelopment plan for 
the residential zone in the industrial district known as “the Western Harbour”. The 
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FIGURE 4.11 HSB Turning Torso plans and structural axonometric 


building, which has become an icon for Malmö, was designed as a response to the 
need for housing. 

The well-known Spanish architect/engineer Santiago Calatrava, the designer of the 
building, was inspired in designing the HSB Turning Torso by his own sketch entitled 
“Twisting Torso”. The sketch, which depicts a turning human body (torso), guided 
the form of the building and consists of 9 modules positioned on top of one another, 
with a facade twisting through 90° from bottom to top. The HSB Turning Torso is both 
the first residential building and the first tall building to be designed by Santiago 
Calatrava. 

The HSB Turning Torso consists of a central mega core and nine 5-storey modules 
having pentagonal floor shape. Mechanical equipment floors are located in the 2m 
deep gap spaces between the modules. 
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The central mega core supports the entire vertical and lateral loads. It is a 
reinforced concrete core shear wall having circular cross-section with an internal 
diameter of 10.6m and wall thickness varying from 2m to 40cm from bottom to 
top so that its external diameter varies between 14.6 to 11.4m (from bottom to top) 
(Figure 4.11). In addition to the mega core, a reinforced concrete perimeter column 
and an exoskeleton (an exterior truss), both with the same rotation as the tower, are 
located at the tip of the triangular part of the floor slabs. The exoskeleton is attached 
to the modules by horizontal and diagonal steel members (Figure 4.11). Both the 
perimeter column and the exoskeleton not only help to support the cantilevered floor 
slabs, but contribute positively to the central core by reducing the lateral drift of the 
building created by wind loads. 

Three edges of the pentagonal shaped floor slabs are slightly curved and the 
other two edges forming the apex of the pentagon are straight. Reinforced concrete 
floor slabs in the modules are cantilevered from the core and are supported by 
discontinuous steel perimeter columns down through the height of the modules. The 
bottom slab of each module is a strengthened cantilever floor slab which supports the 
perimeter columns of the upper storeys in the module. While floor slabs are 27 cm 
thick, strengthened cantilever slabs of modules that protrude from the core are 90cm 
thick at the cantilever root reducing to 40cm at the perimeter. 
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Burj Khalifa 


OFFICIAL NAME: Burj Khalifa (formerly Burj Dubai) 

LOCATION: Dubai, U.A.E 

BUILDING FUNCTION: Mixed-use (hotel, residential, office) 
ARCHITECTURAL HEIGHT: 828 m 

NUMBER OF STOREYS: 163 

status: Completed 

COMPLETION: 2010 

ARCHITECT: Skidmore, Owings & Merrill - SOM; Hyder Consulting 
STRUCTURAL ENGINEER: William F. Baker (SOM) 

STRUCTURAL SYSTEM: Outriggered frame system/reinforced concrete 


(photos courtesy of Adrian Peret, adrian.peret@gmail.com) 


Burj Khalifa: architectural and structural information 


The 163-storey, 828m high Burj Khalifa in Dubai (U.A.E) was designed by SOM 
and Hyder Consulting. It is a reinforced concrete building with an outriggered frame 
system. The system is also classified as a buttressed core system. The Burj Khalifa 
gained the title of “the world’s tallest building” in 2010. Moreover, it was the winner 
of “Global Icon Award 2010” by CTBUH; “Best Tall Building 2010, Middle East and 
Africa” by CTBUH; and “Distinguished Building Award” in 2011 by AIA (American 
Institute of Architects). 

The design of the Burj Khalifa, which derives its main inspiration from the form of a 
local desert flower, has many traditional Islamic architectural motifs. The cross-section 
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has three axes in the shape of a Y, whose wings end by evoking the shape of a dome. 
The Y-shaped plan form maximises the exterior view and secures a supported core 
which is termed “buttressed core”. The building has the appearance of bundled 
modules that end at different levels so that 21 setbacks are created in a spiral manner 
below the spire part (structural steel braced frame) of the building. Although it is 
reminiscent of the bundled-tube form it does not have a tubular structural system. The 
reduction of the plan area by using setbacks throughout the height of the building, 
while further highlighting the height of the tower, which appears to be rising towards 
the sky with acceleration, also reduces wind forces at the upper levels by a reduction 
in the surface area affected by the wind. 

According to statements by representatives (William F. Baker, Peter A. Irwin and 
Ahmad Abdelrazag) of the firms involved in the architectural and structural design 
of the Burj Khalifa (Skidmore, Owings & Merrill), the wind engineering consultancy 
(Rowan Williams Davies and Irwin) and the construction (Samsung Engineering and 
Construction), attention was paid to the effect of wind and aerodynamic form at an 
early stage in the architectural design and the architectural and structural designs were 
undertaken in parallel. Thus the Burj Khalifa took shape with the collaborative efforts 
of architects and engineers in order to reduce the effect of wind as much as possible. 
The number and location of the modules formed by setbacks throughout the height of 
the building and the shape of the wings, were determined by wind tunnel tests. The 
setbacks on the building reduce the effect of wind induced lateral loads by breaking 
the organisation of the wind flow, namely confusing the wind because reduced plan 
area especially in a spiral manner causes the wind to encounter reduced and different 
surface areas throughout the height of the building. 

The structural system of the Burj Khalifa is composed of a hexagonal central core 
(buttressed by wing shear walls) and outriggers. Each wing has hammerhead ended 
corridor shear walls (extending from the central core), perimeter shear walls at the 
sides and circular nose columns at the tip. Outriggers connect the core with the 
perimeter shear walls and nose columns through buttresses (wing shear walls). Multi- 
storey outrigger shear walls at the mechanical floors at 5 levels increase the strength 
of the buttressed core against lateral loads and thus the structural system is an outrig- 
gered frame system (outriggered frame system with buttressed core) (Figure 4.12). The 
hexagonal central core consists of reinforced concrete shear walls with thicknesses 
varying between 130cm at the bottom to 50cm at the top (below the spire) through 
the height of the building. 

Wind force was dominant in the lateral loading and it was accepted that the 
maximum lateral drift at the top of the building would be 1.2m. The setbacks and 
wings on the building were developed using wind tunnel tests on a 1:500 scale model 
and at every stage the form of the building was re-shaped after repeating these tests, 
which resulted in a reduction of the wind load to an absolute minimum. 

High strength concrete was used in the Burj Khalifa, varying in strength between 
80 MPa and 60 MPa throughout the height of the building from bottom to top. 

There is a 232m high steel structure in the upper part of the building, consisting 
of brace elements and with self-resistance against vertical and lateral loads, which is 
supported by the central core 
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FIGURE 4.12 Burj Khalifa plan and structural axonometric 


The slab system on each storey consists of two-way reinforced concrete flat plates 
that vary between 20 and 30cm in depth as they pass through spaces of approxi- 
mately 9m between the nose columns, perimeter shear walls and the hexagonal 
central core, while on the upper storeys they vary between 22.5 and 25cm in depth. 
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Taipei 101 


OFFICIAL NAME: Taipei 101 

LOCATION: Taipei, Taiwan 

BUILDING FUNCTION: Office 

ARCHITECTURAL HEIGHT: 508 m 

NUMBER OF STOREYS: 101 

status: Completed 

COMPLETION: 2004 

ARCHITECT: C.Y. Lee & Partners 

STRUCTURAL ENGINEER: Thornton Tomasetti; Evergreen Engineering 
STRUCTURAL SYSTEM: Outriggered frame system/composite 


Taipei 101: architectural and structural information 


The 101-storey, 508m high Taipei 101 in Taipei (Taiwan) was designed by C.Y. Lee & 
Partners. It is a composite building with an outriggered frame system. Its aspect ratio 
is approximately 9. The Taipei 101 gained the title of “the world’s tallest building” in 
2004 and it is the first building to have exceeded the half kilometre limit. 

The Taipei 101, with a design inspired by the form of bamboo, has a ground floor 
with a 63.5x63.5m square cross-section, then a 25-storey pyramid form on top of 
which are 8 modules consisting of 8-storey truncated inverted pyramids (slightly 
outward sloping towards the top). The top of the building is in the shape of a 12-storey 
truncated inverted pyramid. According to Chinese belief, the number 8 is identified 
with wealth and abundance. The floor-to-floor height is 4.2 m. 
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FIGURE 4.13 Taipei 101 schematic section and plans 


The Taipei 101 is an example of a building with setbacks and an aerodynamic 
building top (Section 6.1). In addition, the application of the saw-tooth corner, a 
development of the recessed corner, to the building significantly reduces wind loads 
on the building, compared with a sharp corner and reduces wind induced base 
moment by 25 per cent (Section 6.1). In the design of the Taipei 101 structural system, 
resistance against the wind, which is estimated to be capable of reaching a speed of 
43.3 m/s (156km/h), was an important design input. 

The 8 perimeter columns and 16 core columns, all composite, consist of 
box-section steel filled with high-strength concrete (70 MPa). At the ground floor the 
perimeter columns have dimensions of 2.4x3m. The perimeter and core columns 
are connected by outriggers, 1 or 2 storeys deep, at 10 levels along the height of the 
building (Figure 4.13). 

The Taipei 101 has a lateral drift limit ratio of 1/200 of its height and a 730-ton 
tuned mass damper (TMD) was used near the top of the building (between the 87th 
and 92nd floors) (Figure 6.19). 
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Shanghai World Financial Center (SWFC) 


OFFICIAL NAME: Shanghai World Financial Center 

LOCATION: Shanghai, China 

BUILDING FUNCTION: Mixed-use (office, hotel) 

ARCHITECTURAL HEIGHT: 492 m 

NUMBER OF STOREYS: 101 

status: Completed 

COMPLETION: 2008 

ARCHITECT: Kohn Pedersen Fox Associates; Irie Miyake Architects and Engineers 
STRUCTURAL ENGINEER: Leslie E. Robertson Associates 

STRUCTURAL SYSTEM: Outriggered frame system/composite 


(photos courtesy of Niels Jakob Darger) 


Shanghai World Financial Center: architectural and structural information 


The 101-storey, 492m high Shanghai World Financial Center (SWFC) in Shanghai 
(China) was designed by Kohn Pedersen Fox Associates and Irie Miyake Architects and 
Engineers (Figure 4.14). It is a composite building with an outriggered frame system. 
Its aspect ratio is approximately 8.5. The SWFC was named as the winner of “Best Tall 
Buildings 2008, Asia and Australasia” by CTBUH. 

The SWFC has a square cross-section at ground level. The cross-section changes 
from a square to a hexagon throughout the height of the building, ending at the top 
of the building as a rectangle. At the point where it changes from a hexagon to a 
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rectangle, at two opposite sides of the building, sloping towards the central core as it 
approaches the top of the building there is thus a reduction in the cross-sectional area 
(Figures 4.14-4.15). 

The circle and square, symbolising heaven and earth respectively according to 
Chinese belief, were prominent in the architectural design. There was initially a 
circular opening at the top of the building, which itself is prismatic with a square base. 
Later, the circular opening at the top of the building was replaced by a trapezoidal 
opening. 

The SWFC’s form, which narrows as it rises towards the top, has various advantages. 
A continuous relationship between form and function is achieved by locating banking 
and finance units, which need wide spaces and openings, on the lower floors and a 
hotel, which needs smaller spaces and openings, on the upper floors. By reducing the 
plan area, the surface area affected by the wind on the upper levels of the building 
is reduced, as is the wind intensity and thus the excess wind pressure (Chapter 6). 
In calculating the aspect ratio (the ratio of the structural height of a building to the 
narrowest structural width on the floor plan), because the widest dimensions of the 
floor plan of the building were taken as a basis, the wide ground floor layout improves 
this ratio and thus lengthens this slender and flexible building (Figures 4.14—4.15). 

Concerns over the aerodynamic building top played an important role in the archi- 
tectural design of the SWFC (Chapter 6). 

The structural system of the building was designed as a shear walled frame system 
and the foundation construction was completed. After the completion of the pile 
foundation construction, the decision was taken to increase the height from 460 
to 492 m and the sides of the square cross-section of the ground floor from 55.8 to 
58m. To prevent the load-carrying capacity of the building foundations from being 
insufficient due to the negative effect of the increase in height, there was a need to 
reduce the weight of the building by 10 per cent. In order to lighten the building, 
the thickness of the shear walls was reduced, because the reinforced concrete core 
shear wall had the largest share of the total weight. This solution made it necessary to 
increase the structure’s lateral stiffness because it reduced the resistance of the core 
against wind and earthquake induced lateral loads, thus reducing the lateral stiffness 
of the building. Thus, mega braces and belts to support the columns and outriggers 
to support the core were added to the system and what was initially intended to be a 
shear walled frame system was turned into an outriggered frame system. 

In the structural system, there are a reinforced concrete core shear wall, composite 
mega columns, composite outriggers, steel belts and composite mega braces 
(Figures 4.15-4.16). 

Composite mega columns are located on the corners. They are composite elements 
made of structural steel sections encased in reinforced concrete. The columns have 
pentagonal cross-sections, with the longest two sides being 5.45 m at the ground floor 
(Figure 4.17). 

Composite mega braces are 12-storey-high and are composed of box-section steel 
filled with reinforced concrete. 

Outriggers are composed of 3-storey-deep composite trusses connecting the mega 
columns to the reinforced concrete core shear wall. 

Belts, consisting of 1-storey-deep steel trusses, are located at every 12 floors. 
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FIGURE 4.14 SWFC schematic elevations 
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FIGURE 4.16 SWFC structural axonometric 
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The Petronas Twin Towers 


OFFICIAL NAME: The Petronas Twin Towers 

LOCATION: Kuala Lumpur, Malaysia 

BUILDING FUNCTION: Office 

ARCHITECTURAL HEIGHT: 452 m 

NUMBER OF STOREYS: 88 

status: Completed 

COMPLETION: 1998 

ARCHITECT: César Pelli & Associates 

STRUCTURAL ENGINEER: Thornton Tomasetti; Ranhill Bersekutu 
STRUCTURAL SYSTEM: Outriggered frame system/reinforced concrete 


LLAD Iani 


The Petronas Twin Towers: architectural and structural information 


The 88-storey, 452m high Petronas Twin Towers in Kuala Lumpur (Malaysia) were 
designed by César Pelli & Associates. They are reinforced concrete buildings with an 
outriggered frame system. Their aspect ratio is approximately 8.6. The Petronas Twin 
Towers gained the title of “the world’s tallest buildings” in 1998. 

The Petronas Twin Towers were the first “world’s tallest building” to be built outside 
the United States of America and also the first skyscrapers in the race for height to 
be made of reinforced concrete, rather than steel. César Pelli said that he had tried 
to express the essence of Malaysia, its richness in culture and its extraordinary vision 
for the future and that the building was rooted in tradition and was about Malaysia’s 
aspiration and ambition. 

The 8-pointed star formed from two overlapping squares and 8 semi-circles 
provided the inspiration for the design of the Petronas Twin Towers (Figure 4.18). The 
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surface area of the buildings was increased using this cross-section, which expresses 
architecturally important Islamic principles such as “unity, harmony, stability and 
rationality”, giving an unusual and impressive complexity to the essentially plain 
appearance of the facade and maximising the view from inside. 

The Petronas Twin Towers are an example of buildings where the plan area has been 
reduced by setbacks on the facade and that have an aerodynamic top (Figure 4.19) 
(Section 6.1). 

The Petronas Twin Towers’ two identical cylindrical towers, with a diameter of 
46.3 m, have a floor-to-floor height of 4m. 

Three of the five facade setbacks (on the 60th, 73rd and 82nd floors) consist of 
3-storey-high sloping columns. A 58.4 m steel skybridge supported by arches between 
the 41% and 42™4 floors “symbolizes the threshold between the tangible and the 
spiritual worlds”, according to César Pelli (Figure 4.20). 

The diameter of the 16 perimeter columns varies from 240cm at the bottom to 
120cm at the top. The columns are spaced at approximately 9m centres. Reinforced 
concrete cores of the towers, beginning with square cross-sections of 22.9x22.9m 
at the base, decrease in size towards the top of the buildings in steps, ending with 
rectangular cross-sections of 18.9x22 m. 

Reinforced concrete cores have inner walls with a thickness of 35cm and outer 
walls varying in thickness from 75 to 35 cm from bottom to top. Ring beams are 79 cm 


FIGURE 4.18 The Petronas Twin Towers plan evolution 


FIGURE 4.19 The Petronas Twin Towers, aerodynamic top 
(photo courtesy of Antony Wood/CTBUH) 
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FIGURE 4.20 The Petronas Twin Towers skybridge 


deep at midspan and 117cm deep at column faces. For additional stiffness, reinforced 
concrete core shear walls and perimeter columns are connected to each other by 
2-storey-deep outriggers at the 38th floor (floors 38-40 — at almost mid-height of the 
structure), which is a mechanical equipment floor (Figure 4.21). 

High-strength concrete was used in the building, 80MPa in the lower floors, 
60 MPa in the middle floors and 40 MPa in the upper floors. 

The Petronas Twin Towers’ composite floor slabs, supported by wide-flange beams, 
consist of 5.1cm deep trapezoidal metal deck covered with a layer of reinforced 
concrete with a thickness of 11.4cm in the office floors and 20.3 cm at the mechanical 
equipment floors (Figure 4.21). 
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FIGURE 4.21 The Petronas Twin Towers: (a) plan, (b) structural axonometric, (c) schematic 
section 
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New York Times Tower 


OFFICIAL NAME: New York Times Tower 

LOCATION: New York, USA 

BUILDING FUNCTION: Office 

ARCHITECTURAL HEIGHT: 319 m 

NUMBER OF STOREYS: 52 

status: Completed 

COMPLETION: 2007 

ARCHITECT: FKFOWLE; Renzo Piano Building Workshop 
STRUCTURAL ENGINEER: Thornton Tomasetti 

STRUCTURAL SYSTEM: Outriggered frame system/steel 


(courtesy of Antony Wood/CTBUH) 


New York Times Tower: architectural and structural information 


The 52-storey, 319m high New York Times Tower in New York (USA) was designed 
by FXFOWLE and Renzo Piano Building Workshop. It is a steel building with an 
outriggered frame system. Its aspect ratio is approximately 6.8. The New York Times 
Tower gained the title of “the 3rd tallest building in New York” in 2007. It was 
also chosen as the winner of “Best Tall Building 2008, Americas” by CTBUH; “AIA 
(American Institute of Architects) New York Chapter Building Type Honor Award 
2008, Sustainable Design”; and “AIA Honor Award for Architecture 2009”. 

The architect Renzo Piano’s main idea in the architectural design was a light 
and transparent building to express the transparency and openness in the journal- 
istic ideal. Renzo Piano says that, “The story of this building is one of lightness and 
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transparency”. The resulting design is a building with an inner glazed facade and 
an outer transparent screen layer composed of closely spaced horizontal ceramic 
rods mounted outboard of the facade. Ceramic rods are not only features of the 
architectural design, but are also sun shading without disturbing the transparency of 
the building. In this way, the transparent double-skin facade system with the shade 
screen provides the connection between the journalists working in the building and 
the people outside. Moreover, the transparency of the building is emphasised also by 
expressing the structure in large corner notches (recessions) by X-braces and columns 
where the exterior screen layer is omitted. 

Above the lobby at the ground floor, floors 2-4 are the newsrooms, 5-27 and 
29-50 are for the building occupants. Outriggers and mechanical rooms are located 
at floors 28 and 51. 

The structural core is a centrally located braced core with 27.4x19.8m in dimen- 
sions in the north-south and east-west directions respectively. The least span between 
the core and the perimeter columns on the long east and west faces is about 12 m. 
North and south faces have cantilevered floor areas with 19.8x6.1m in dimensions. 
Columns on the east and west faces are spaced at 9.14m centres (Figure 4.22). 

Although the structural core area remains constant throughout the building height, 
above the 27th floor, since the elevators serving the lower half of the building are no 
longer required, the area left for the service core decreases. This situation changes the 
bracing configuration of the central core and so increases the space efficiency ratio of 
the floors in the lower half (floors 5-27) and upper half of the building (floors 29-top) 
from 0.746 to 0.833 respectively (Figure 4.23). 

The Tower has 30 columns extending to the ground level. Exposed columns are 
made of built-up box sections with dimensions of 76x76cm. In order to improve the 
lateral stiffness of the structural system, some of the columns at the lowest floors have 
solid sections. Inner columns are wide-flange section columns. However, perimeter 
columns of the cantilevered floor areas do not extend to the ground level. 

Two-storey-deep outriggers are located at the mid-height and top mechanical floors 
of the building. The lateral stiffness of the outriggered frame system is improved by 
2-storey-high pretensioned X-braces on the north and south faces of the four notched 
corners of the building. These braces reduce the maximum lateral drift/sway (drift 
index) from 1/350 to 1/450 of the building height (90 to 70cm). 

The X-bracing system of the building is very efficient since both the diagonal steel 
rods are pretensioned so that compression force cannot develop and both the braces 
work simultaneously. 

In general, conventional X-braces are composed of two single diagonal members 
placed with a certain eccentricity while crossing each other at the middle of the 
bay (which creates column torsion) (Figure 4.24a), or a crossing joint is placed 
at the middle of the bay where the braces intersect (to overcome this problem) 
(Figure 4.24b). However, in the New York Times Building, X-braces are composed 
of pairs of diagonal members by placing one pair side-by-side and the other pair 
over-and-under (Figure 4.24c). In this way, the column torsion problem that gains 
importance because of pretensioning is overcome. 
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The floor structure of the building is composed of a composite slab system. A 
6.4cm thick topping concrete and 7.6cm deep trapezoidal metal deck are supported 
by steel frames. 
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FIGURE 4.22 New York Times Tower plans 


www.EngineeringBooksPDF.com 


128 Tall Buildings: Structural Systems and Aerodynamic Form 


(A) . . . | Sl an Sa ae "E 
Floors 5-27 Floors 29-50 Outrigger floors 
[) Pre-tensioned X-bracing [EE Diagonal-bracing © Outrigger bracing 
Chevron or knee-bracing [p Diagonal rod 
(B) 


FIGURE 4.23 New York Times Tower: (a) bracing system in plans, (b) structural 
axonometric (floors 5-27) 
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FIGURE 4.24 Detail of X-braced bays on the north and south faces of the notched corners 
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Eureka Tower 


OFFICIAL NAME: Eureka Tower 

LOCATION: Melbourne, Australia 

BUILDING FUNCTION: Residential 

ARCHITECTURAL HEIGHT: 297 m 

NUMBER OF STOREYS: 91 

status: Completed 

COMPLETION: 2006 

ARCHITECT: Fender Katsalidis 

STRUCTURAL ENGINEER: Connell Mott MacDonald 

STRUCTURAL SYSTEM: Outriggered frame system/reinforced concrete 
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Eureka Tower: architectural and structural information 


The 91-storey, 297m high Eureka Tower in Melbourne (Australia) was designed by 
Fender Katsalidis. It is a reinforced concrete building with an outriggered frame 
system. Its aspect ratio is approximately 7. The Eureka Tower won the title of Best 
Overend Award of Australian Institute of Architects for Residential Architecture- 
Multiple Housing in 2007. 
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FIGURE 4.25 Eureka Tower plans and structural axonometric 
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The name Eureka has a special meaning in Australia’s past due to the discovery 
of gold in the nineteenth century. The name of the building is related to the Eureka 
Stockade, a rebellion of gold miners in 1854, which resulted in many deaths. The 
flag of the rebels has been incorporated into the design by blue glass cladding and 
the white lines. The 24 carat gold plated glass windows on the facade of top 10 
floors symbolise the Victorian gold rush of the 1850s and the red strip symbolises the 
bloodshed during the rebellion. 

The building includes some sustainable features such as natural ventilation, high 
performance glass windows with maximised area thus minimising heat gain and loss 
for reducing energy consumption and natural lighting, etc. 

After 10 floors of podium, the Eureka Tower has a diamond shaped plan section 
with a central core shear wall, perimeter columns, two shear walls on north-south 
direction and reinforced concrete outriggers linking the central core shear wall to the 
perimeter columns and 2 shear walls (Figure 4.25). Unlike most of the buildings with 
an outriggered frame structural system having outriggers located at one or more levels, 
the Eureka Tower has continuous outriggers, with 30cm thickness, almost throughout 
the height of the building. To provide adequate stiffness, east-west and north-south 
outrigger shear walls are located in between the 11th to 65th floors and 11th to 
89th floors respectively. The floor slabs are composed of post-tensioned reinforced 
concrete flat beams with 45cm deep and 150cm wide. 

A wind tunnel test was carried out on a 1/400 scale model of the Eureka Tower and 
to limit the top drift, a liquid mass damper is used at the top of the building (between 
the 90th and 91st floors). 

High-strength concrete is used to maximise the net usable area and to minimise the 
dimensions of structural elements. For the first 15 storeys, the strength of the concrete 
is 80 MPa in core shear walls with 75 cm thickness and 100 MPa in perimeter columns. 
The strength of the concrete gradually changes towards top of the building, decreasing 
to 40MPa and 60MPa for the core shear walls and perimeter columns respectively. 
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World Trade Center Twin Towers 


OFFICIAL NAME: World Trade Center Twin Towers (WTC l-1) 

LOCATION: New York, USA 

BUILDING FUNCTION: Office 

ARCHITECTURAL HEIGHT: 415/417 m 

NUMBER OF STOREYS: 110 

status: Demolished after collapse following fire and airplane impact (2001) 
COMPLETION: 1972 (WTC I), 1973 (WTC II) 

ARCHITECT: Minoru Yamazaki & Associates; Emery Roth & Sons 

STRUCTURAL ENGINEER: Leslie E. Robertson Associates 

STRUCTURAL SYSTEM: Framed-tube system/steel 


World Trade Center Twin Towers: architectural and structural information 


The 110-storey, 417/415m high World Trade Center Twin Towers in New York (USA) 
were designed by Minoru Yamazaki & Associates and Emery Roth & Sons. They were 
steel buildings with a framed-tube system. The WTC | gained the title of “the world’s 
tallest building” in 1972 and the WTC II did so in 1973. The buildings’ structure was 
integrated with the architectural design and became prominent. 

The World Trade Center Twin Towers (WTC I-Il) were described by Ada Louise 
Huxtable as “Experimental architecture that goes beyond contemporary standards to 
explore a more evocative world for a broader, richer and more ornamental contem- 
porary architecture. This large and important group of structures will be unlike 
anything that New York has ever seen before” (quoted in Harris, 2001, p. 38). Taking 
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inspiration from the IBM Building (Seattle, 1964), the design for the buildings was 
chosen in a competition held in 1962 in which well-known architects such as Philip 
Johnson and I.M. Pei participated. 

The World Trade Center consisted of 7 buildings in total and its twin towers were 
similar but not identical. WTC I (north tower) was 417m high with a 110m antenna 
and WTC II (south tower) was 415 m high. Both buildings had approximately 63x63 m 
square cross-sections with 2.1m corner cuts. The floor-to-floor height was 3.66m. 

The framed-tube, consisting of closely spaced perimeter/exterior columns connected 
with deep spandrel beams, was designed to support the entire lateral load and 40 per 
cent of the vertical load, while the central core was designed to support 60 per cent 
of the vertical load and none of the lateral load (Figure 4.26). 
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FIGURE 4.26 WTC l-l plan and structural axonometric 
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Closely spaced steel perimeter columns, with a box section of 36x34cm varying 
by 10 to 0.6cm in plate thickness from bottom to top, were connected at each floor 
with deep steel spandrel beams 132 cm in depth and a plate thickness of 3.6 to 0.9 cm 
from bottom to top. The columns were spaced at 102 cm centres, with a 66cm clear 
span (Figure 4.27). 

In order to create a wide and inviting space at the building entrances, 59 closely 
spaced perimeter columns were located on every side of the upper floors and from the 
8th floor, three columns that merged into one descended to the entrance (Figure 4.28). 

The 26x42 m core in the centre of the buildings consisted of columns on the lower 
storeys with 40x91 cm box-sections. On the upper storeys these columns changed to 


dL 


FIGURE 4.27 WTC l-l facade layout 
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FIGURE 4.28 WTC I-II branching columns 
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“H” cross-sections. The core columns, varying in number between 44 and 47, were 
supported by steel braces at the mechanical equipment floors and the atrium at the 
ground floor. 

Outriggers were used at the roof to contribute to the framed-tube system’s stiffness 
against wind induced lateral loads (Figure 4.29). The outriggers connected the core 
and the perimeter columns in both directions. 

The composite floor slab system of WTC lII (Figure 4.30) outside the core 
consisted of a row of main double trusses spaced 203 cm apart with a depth of 74cm 
spanning spaces of 18.3m and 10.7m, and, perpendicular to these, a 10cm thick 
reinforced concrete layer on 3.8cm thick trapezoidal metal deck resting on transverse 
(secondary) trusses spaced 406cm apart. The floor slabs were 13.8cm thick outside 
the core and 16.5cm in the core. 
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FIGURE 4.29 WTC l-l outrigger location at the upper storeys 
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FIGURE 4.30 WTC l-I slab system: (a) plan, (b) section, (c) axonometric 
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John Hancock Center 


OFFICIAL NAME: John Hancock Center 

LOCATION: Chicago, ABD 

BUILDING FUNCTION: Mixed-use (residential, office) 

ARCHITECTURAL HEIGHT: 344 m 

NUMBER OF STOREYS: 100 

status: Completed 

COMPLETION: 1969 

ARCHITECT: Bruce Graham (Skidmore, Owings & Merrill — SOM) 
STRUCTURAL ENGINEER: Fazlur Rahman Khan (SOM) 

STRUCTURAL SYSTEM: Trussed-tube system/steel 
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John Hancock Center: architectural and structural information 
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The 100-storey, 344m high John Hancock Center in Chicago (USA) was designed by 
Bruce Graham (SOM) and Fazlur Rahman Khan (SOM). It is a steel building with a 
trussed-tube system. The innovation of utilising the trussed-tube (braced-tube) system 
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to carry the lateral loads was first used by the structural engineer Fazlur Rahman 
Khan in the structural design of the John Hancock Center. The expressive trussed-tube 
structure of the building was integrated with the architectural design and became 
prominent. The John Hancock Center represents an icon of Chicago and symbol 
of structural expression in architecture. Fazlur Rahman Khan commented that “The 
social and visual impact of buildings is really my motivation for searching out new 
structural systems and to get the right visual impact, a building’s natural strength 
should be expressed” (Mufti and Bakht, 2002). The John Hancock Center was granted 
the “Distinguished Building Award” in 1970 by AIA (American Institute of Architects). 

The John Hancock Center in Chicago has an important place among tall buildings. 
The exterior mega cross braces of the trussed-tube system, which can be seen on the 
tapering facade, emphasise the architectural aesthetic of the structural system and are 
the most striking design feature. The building is an architectural icon, with a sloping form 
(truncated pyramid), narrowing as it rises and symbolises the integration of structural 
expression with the architecture. Thanks to its original design, in 1970 it won the “Honor 
Award of the AIA Chicago Chapter” in the architectural and structural engineering 
section and in 1999 it won the “25-Year Architectural Excellence Award of the AIA” for 
its preservation of architectural excellence and authenticity for more than 25 years. 

Bruce Graham (the architect) and John Hancock Insurance (the owner) are said 
to have wanted to remove the exterior X-braces on the upper 10 storeys of the 
building because they blocked the view; however, Fazlur Rahman Khan (the structural 
engineer), aiming to integrate the architecture with the structural system, asserted 
that the structure would give great aesthetic value to the building and convinced the 
architect and owner to repeat the exterior braces, consisting of trusses, continuously 
throughout the height of the building. Thanks to Fazlur Rahman Khan’s design, the 
continuous X-braces expressed on the facade with their reduced dimensions and 
cross-sectional areas towards the top of the building contribute to the design approach 
of the tapered form of the building, which narrows as it rises, creating the impression 
that the building is taller than it is in reality. 

Mega X-braces on the facade, designed as truss elements with 45° angles between 
them, support a large part of the wind induced lateral loads that are converted to 
an axial load and also support a part of the vertical load, ensuring the system’s pure 
tubular behaviour. 

The John Hancock Center’s truncated pyramid form and thus reduction of the floor 
plan area, has several advantages. The placing of office areas, which need large spaces 
and long lease spans, on the lower floors and residential areas, which need smaller 
spaces and shorter lease spans, on the upper floors, provides a continuous relationship 
between form and function. With the tapering form by the inward slope of the facade, 
the surface area affected by the wind on the higher levels of the building is reduced, 
as is the wind intensity and thus the excess wind pressure/load (Section 6.1). In calcu- 
lating the aspect ratio (the ratio of the structural height of a building to the narrowest 
structural width on the floor plan), because the widest dimensions of the floor plan of 
the building were taken as a basis, the wide ground floor layout improves this ratio 
and thus the slenderness and flexibility of the building. Due to the widening of the 
building facade as it descends towards the ground, the potential for the view from the 
higher floors to cause dizziness and vertigo is reduced. 
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The ground floor of the John Hancock Center has a rectangular cross-section approx- 
imately 50x80m with a distance of 17.5m of lease span — between the core and the 


perimeter — on the long face and the top floor has a rectangular cross-section approxi- 


mately 30x49 m with a distance of 7.5m of lease span on the short face (Figure 4.31). 


In the John Hancock Center, perimeter columns are spaced at approximately 12m 


centres on the long faces and at approximately 7.5m centres on the short faces of 
the building, with exterior X-braces on the facade and spandrel beams connecting all 


these together (Figure 4.32). 
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FIGURE 4.32 John Hancock Center structural axonometric 
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CCTV Headquarters 


OFFICIAL NAME: CCTV Headquarters 

LOCATION: Beijing, China 

BUILDING FUNCTION: Office 

ARCHITECTURAL HEIGHT: 234 m 

NUMBER OF STOREYS: 49 

status: Completed 

COMPLETION: 201 1 

ARCHITECT: Office for Metropolitan Architecture 
STRUCTURAL ENGINEER: East China Architectural Design and Research; Ove Arup & 
Partners 

STRUCTURAL SYSTEM: Trussed-tube system/composite 


(photos courtesy of M. Bunyamin Bilir) 


CCTV Headquarters: architectural and structural information 


The 49-storey, 234m high CCTV Headquarters in Beijing (China) was designed by 
Office for Metropolitan Architecture. It is a composite building with a trussed-tube 
system and can also be named as a loop-tube system. 

The CCTV Headquarters, where units providing all television programme 
production, broadcasting and management services are based, has a looped form 
consisting of an “L” cross-section at the base upon which are 2 sloping towers from 
which extend cantilevers with an “L” cross-section. It is the first and only building in 
which a trussed-loop-tube system has been used. 

At the ground floor the building has a 9-storey “L” cross-section base and the two 
36-storey prismatic sections rise vertically in both directions at a 6 degree slope, 
above which the 9-13 storey section also has an “L” cross-section form, like the base. 
In the design, greater importance was given to the form than the height. 

The tube system was considered to be the most appropriate structural system for the 
form of the CCTV Headquarters. Tubular behaviour was obtained with a trussed-tube 
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system consisting of steel and composite columns, steel beams and steel braces. The 
arrangement of the braces on the perimeter of the looped form building was finalised 
as a result of structural analysis (Figure 4.33). The exterior braces are spaced twice as 
closely in areas that have high interior forces and are reduced by half in areas with 
low interior forces. 


FIGURE 4.33 CCTV Headquarters steel facade grid (Koolhaas and Scheeren, 2005) 


FIGURE 4.34 CCTV Headquarters discontinuous columns (Carroll et al., 2008) 


www.EngineeringBooksPDF.com 


Tall building case studies 145 


Because some of the interior columns in the sloping towers and all of the interior 
columns in the cantilever section, do not continue throughout the height of the 
building from top to bottom, owing to the form of the building, 2-storey-deep transfer 
beams were used in order to transfer the column loads (Figure 4.34). The transfer 
beams are situated on the bottom two storeys of the cantilevered section and on the 
mechanical equipment floors in the sloping towers. 
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Willis Tower 


OFFICIAL NAME: Willis Tower (formerly Sears Tower) 

LOCATION: Chicago, USA 

BUILDING FUNCTION: Office 

ARHITECTURAL HEIGHT: 442 m 

NUMBER OF STOREYS: 108 

status: Completed 

COMPLETION: 1974 

ARCHITECT: Bruce Graham (Skidmore, Owings & Merrill —- SOM) 
STRUCTURAL ENGINEER: Fazlur Rahman Khan (SOM) 

STRUCTURAL SYSTEM: Bundled-tube system/steel 


(courtesy of Antony Wood/CTBUH) 


Willis Tower: architectural and structural information 


The 108-storey, 442m high Willis Tower in Chicago (USA) was designed by Bruce 
Graham (SOM) and Fazlur Rahman Khan (SOM). It is a steel building with a bundled- 
tube system. The innovation of utilising the bundled-tube system to carry the lateral 
loads was first used by the structural engineer Fazlur Rahman Khan. The Willis Tower 
gained the title of “the world’s tallest building” in 1974 and held it for 24 years 
(1974-1998). It was the winner of the “Distinguished Building Award” in 1976 by 
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AIA (American Institute of Architects). While the original name of the building was 
the Sears Tower, it was renamed the Willis Tower in 2010. The first use of steel in 
a bundled tube system was in the Willis Tower. The structure of the building was 
integrated with the architectural design and became prominent. The expressive 
tubular structure of the building in the form of bundled-tube was integrated with the 
architectural design and became prominent. The Willis Tower and the John Hancock 
Center are considered as Fazlur Rahman Khan’s masterpieces. Like the John Hancock 
Center, the Willis Tower represents an icon of Chicago and a symbol of structural 
expression in architecture. 

In the design of the Willis Tower, a planning approach that the structural elements 
in the interior space did not obstruct the architecture was used, in an effort to create 
a space with less structural material and thus less cost. 

The Willis Tower is an example of a building using setbacks on the building facade 
in order to reduce the effect of the wind by breaking up its flow (Section 6.1). 

The building has a 68.7x68.7m square cross-section at the ground level and is 
formed from 9 rectangular tubes with 22.9x22.9m square cross-sections. The form of 
the Willis Tower begins with 9 tubes at the base, with 2 tubes ending at the 50th floor, 
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68.7m 
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FIGURE 4.35 Willis Tower axonometric and schematic plans 
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FIGURE 4.36 Willis Tower structural axonometric and plans 


2 tubes ending at the 66th floor, 3 tubes ending at the 90th floor and 2 tubes ending 
at the top (Figure 4.35-4.36). The floor-to-floor height is 3.92 m. 

In the Willis Tower, columns are spaced at 4.6m centres within the building and on 
the facade and connected at each floor with deep spandrel beams (Figure 4.36). The 
columns and beams consist of steel elements with approximately 1m deep I-section, 
reducing in their plate thickness and the length of their flanges throughout the height 
of the building. These elements are formed of modular tube units which are able to 
reach the desired height without compromising structural strength. 

The Willis Tower’s composite floor slabs are composed of 7.6cm deep trapezoidal 
metal deck covered with a layer of reinforced concrete with a thickness of 6.3 cm and 
supported by approximately 0.9m deep steel trusses spanning 23 m and spaced every 
4.6m (Figure 4.36). 
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Commerzbank Tower 


OFFICIAL NAME: Commerzbank Tower 

LOCATION: Frankfurt, Germany 

BUILDING FUNCTION: Office 

ARCHITECTURAL HEIGHT: 259 m 

NUMBER OF STOREYS: 56 

status: Completed 

COMPLETION: 1997 

ARCHITECT: Foster + Partners 

STRUCTURAL ENGINEER: Ove Arup & Partners; Krebs und Kiefer 
STRUCTURAL SYSTEM: Mega column system/Composite 


Commerzbank Tower: architectural and structural information 


The 56-storey, 259m high Commerzbank Tower in Frankfurt (Germany) was designed 
by Foster + Partners. The Commerzbank Tower gained the title of “the tallest building 
in Europe” in 1997. It won the “Green Building Award of the City of Frankfurt” in 
2009 in recognition of the building’s pioneering role in environmentally-friendly 
and energy-saving architecture. Other prestigious awards include “RIBA Architecture 
Award”, “Bund Deutscher Architekten — Martin-Elsaesser-Plakette Award” and “British 
Construction Industry Award”. 

Norman Foster (the architect), indicated that two important factors were central to 
the design of the Commerzbank Tower: i) the transparency of the building to light and 
to views and ii) the incorporation of nature. These two unique design features were 
attained by the innovative structural design of the building. The structural and environ- 
mental innovations were the major success factors of the design of the building. 
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The environmentally conscious Commerzbank Tower has an equilateral triangular 
plan with gently rounded corners and slightly curved sides each measuring at about 
60 m (Figure 4.37). As a result of this plan scheme, the building performs better against 
wind pressure compared to a building having a rectangular plan. 

The buildings main design feature is the central triangular atrium and its 
relationship with the corner cores. This full-height central atrium is supported by 
triangular steel columns at the corners which vary 140cm to 60cm from bottom to 
top. The central atrium is surrounded by landscaped sky gardens, which spiral up 
the building to form the visual and social focus of office floors (Figure 4.38). Three 
different style gardens have been proposed according to the direction: i) east-facing 
sky-gardens have “Oriental Style”, ii) south-facing sky-gardens have “Mediterranean 
Style”, iii) west-facing sky-gardens have “North American Style”. These landscaped 
spaces can be used for recreation; therefore they improve the working environment 
in an immeasurable way. On any one level, one side of the building opens to sky 
gardens, each four storeys high (14.02 metres) and linked to the central triangular 
atrium. While one side of the building opens to a sky garden, the other two sides 
office spaces for a working group of about 40 people. 

The glass curtain wall enclosed sky gardens also improve the environmental 
conditions inside the building, bringing daylight and fresh air into the central atrium, 
which acts as a natural ventilation chimney for the inward-facing offices. Hence, all 
offices can gather direct sunlight and fresh natural air due to the availability of sky 


Composite mega column (1.2 x 7.5m) 


Atrium columns 


FIGURE 4.37 Commerzbank Tower plan 
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FIGURE 4.38 The relationship of the central atrium with the spiralling sky gardens 


gardens and the central atrium. The day-lit spaces increase the energy efficiency due 
to reduced artificial lighting. 

The façades of the exterior-facing office spaces are treated by an aluminum curtain 
wall which acts as an air cavity from bottom to top of building. The inside layer of 
the curtain wall system consists of a double-glazed window which acts as the main 
envelope between inside and out. The outside layer, on the other hand, is a fixed 
glass and acts as the second layer. The air enters the ventilated cavity between these 
two layers at sill level and is expelled through a slot at the top of the window. Unlike 
the traditional glare control mechanisms, the blinds that reduce glare in the office as 
well as solar heat gain are located inside the cavity. As a result, these blinds stop the 
heat before it enters the building. The naturally ventilated cavity with user controlled 
blinds improves the thermal insulating properties of the building. Post-occupancy 
studies have shown that the tower actually consumes about 20 per cent less energy 
than predicted. This is largely because the building users have extended the period of 
natural ventilation up to about 85 per cent of the year, as opposed to the 60 per cent 
designed for. 

As a result of the central atrium, the core functions (e.g. vertical circulation) were 
pushed to the corners of the building. This plan scheme is quite different than a tradi- 
tional deep-planned tower design with centralised core and identical floors resulting 
in insufficient natural ventilation and lighting. The corner located lifts offer dramatic 
views of the city and their movement animates the outside of the building. 
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The building’s unique design had been made possible by a structural system which 
is composed of corner cores consisting composite mega columns (shear walls) coupled 
by steel link frames and steel Vierendeel frames coupling these cores (Figure 4.39). 
The two composite mega columns in corners consist of diagonally braced two vertical 
steel H-section profiles encased in reinforced concrete. Each core, having two mega 
columns with dimensions 1.2x7.5 m, is connected to the other with the 8-storey-deep 
and 34m spanning Vierendeel frames along the outside of the building (Figure 4.39). 
Besides connecting the corner cores, these frames provide the structure to span sky 
gardens between the cores. 

The two mega columns at each corner are connected to each other with steel 
link frames. The members of this link frame are passing between the lift shafts and 
they have a dimension of 1m deep for vertical members and 1.1m deep for beams 
(Figure 4.39). 
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FIGURE 4.39 Commerzbank Tower structural axonometrics 
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THE EFFECT OF WIND ON TALL 
BUILDINGS 


The history of skyscrapers, which epitomizes the twentieth century, begins in 1885 
with the Home Insurance Building. Reaching a new and important point in 1931 with 
the Empire State Building and gathering speed in 1972 with the World Trade Center 
Twin Towers, this process is unfolding at an even greater rate today. 

Since the weight of the structural system in the first skyscrapers made vertical 
forces more critical than lateral forces, wind loads were not considered important. In 
time, with developments and innovations in structural systems and the increase in the 
strength-to-weight ratio of the structural elements, the weight of buildings decreased 
and wind loads began to be important. Consequently, because the tall buildings being 
constructed today are lighter, more slender and more flexible than their predecessors, 
they are more prone to lateral drift with low damping, and wind-induced building 
sway has been transformed into one of the most important problems encountered by 
tall building designers, becoming a basic input to the design. 

The wind loads affecting the building and the response of the building depend on 
the following factors: 


e the characteristics of the wind 

e the building size and geometry 

e the stiffness of the building and the distribution of the building mass 

e the inherent damping characteristics of the structural system and of the construction 
material, which dissipates wind-induced building sway 

e the surrounding topography (issues with neighbouring buildings, etc.) 

e the orientation (position) of the building with respect to the prevailing wind 
direction. 


The determination of the acceptable sway limits of tall buildings is an important topic 


that has been extensively researched. Since wind speed and wind pressure increase 
according to the building height, wind loads become important as the building height 
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increases. In general, structural design tends to be controlled by wind loads in tall and 
flexible buildings. 


5.1 Wind-induced building motion 


Wind-induced building motion can essentially be divided into three types (Figure 5.1): 


e along-wind motion 
e —across-wind motion 
e torsional motion. 


In tall buildings, usually the across-wind motion and torsional motion are more 
critical than the along-wind motion. However, because of the complexity of the 
across-wind and torsional responses of a building, many existing building codes only 
suggest procedures to determine the along-wind response of the building. 


5.1.1 Along-wind, across-wind and torsional motions 


When an air mass moving in a particular direction makes contact with a building 
facade, it creates a force. This force, defined as the effect of the wind, increases as the 
wind speed or the surface area of the building facade exposed to the wind increases. 
Wind can affect more than one building face. When the wind force is perpendicular 
to the building face, the lateral drift is highest. 

Building sway parallel to the direction of the wind is termed “along-wind motion” 
(Figure 5.1). This motion is induced by fluctuations in wind speed, and the variation 
in wind pressure between the windward (upstream) and leeward (downstream) faces 
(faces perpendicular to the wind direction) of the building. 

Building sway perpendicular to the direction of the wind is termed “across-wind 
motion” (Figure 5.1). When the movement of the air mass is blocked by the building, 
because of its fluid behaviour it splits into two, passing both sides and the rear face 
of the building. Depending on the velocity of the wind, size and aspect ratio of the 
building, it will either smoothly flow through or circulate on the side and rear facades 
of the building. The compression of the streamlines around the sides of the building 
results in accelerated wind speeds in the shear layers, and thus vortices are formed by 
turbulent air flow (Figure 5.2). 

Vortices are spiral flow formations generated by turbulence that create negative 
pressure in the across-wind direction while breaking away (shedding) from the surface 
of the building. They are shed alternately from either side (along the wind direction) of 
the building, following each other on opposite faces and interacting sequentially. As a 
result of this, because the forces developed on sides of the building cannot neutralise 
each other, in addition to the along-wind motion, across-wind motion occurs, which 
is usually more decisive and critical (Figure 5.3). Thus, while the windward face of 
the building is subject to positive wind pressure and the leeward face is subject to 
negative wind pressure (suction), the across-wind faces of the building are subject 
to alternating negative wind pressure. The rate at which the vortices are shed is a 
function of the building shape (Strouhal number), the building dimensions and the 
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FIGURE 5.3 Vortices on along-wind sides of the building 
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wind speed. At higher wind speeds, the frequency of vortex shedding may approach 
the natural frequency of vibration of the building. When this occurs, the across-wind 
loads dominate over the along-wind loads, and the building motion can actually 
accentuate the vortex shedding leading to the phenomenon of negative aerodynamic 
damping. Aerodynamic architectural design and modifications (Chapter 6) reduce the 
strength of vortex shedding on tall buildings. 

Even in buildings where the across-wind loads are smaller than the along-wind 
loads, the across-wind responses can still be critical for design as they will often still 
govern the serviceability accelerations. The serviceability accelerations are important 
in ensuring comfort for the occupants as perceptible motion can be disturbing if it is 
unexpected or occurs on a regular basis. Since in many tall and flexible buildings, 
across-wind building response is more critical than along-wind response (Holmes, 
2001; Irwin, 2008; Kareem, 1985; Kwok, 1982), in general the concern to control 
across-wind response becomes a major design input. According to Gu and Quan 
(2004), “In the case of the Jin Mao Tower (Shanghai, 1999), the maximum accel- 
eration in across-wind direction at design wind speed is about 1.2 times of that in 
the along-wind direction.” Irwin (2008) states that “It is quite often the case that the 
highest overall wind loading on a tall slender building results from across-wind vortex 
excitation, which induces a large dynamic response.” 

As well as along-wind and across-wind responses, tall buildings may also 
experience torsional responses (Figure 5.1). These can occur if the shape of the 
building is asymmetric, if the structural system is asymmetric, or if the building is 
subjected to asymmetric flows. 

The resultant wind force, acting perpendicular to the building face, passes through 
the geometric centre of the surface area of the building affected by the wind. On 
the other hand, the resultant reaction force passes through the stiffness centre of the 
building. When these two forces are not on the same axis, the resulting eccentricity 
creates torsional moments, resulting in floor torsion; thus, torsional motion occurs 
about the vertical axis of the building. 

In general, most wind loading codes provide procedures for estimating the along- 
wind forces. Relatively few codes include procedures for across-wind and torsional 
responses, which by their nature are a lot less easily codified with accuracy. In the 
case of supertall buildings, along-wind, across-wind and torsional building responses, 
together with the dynamic effect of the wind, must be taken into account. In this 
context, dynamic calculation methods or wind tunnel tests are recommended for 
estimating the wind loads on such buildings. 


5.2 Wind tunnel tests 


As the height of buildings increases, wind loads become increasingly important for 
efficient and reliable design. While wind loads may influence the structural design 
of most tall buildings, for supertall buildings the minimisation of wind loads and 
responses can actually influence the architectural design. Shorter and/or less flexible 
buildings are generally treated by building codes as static structures, and wind load 
can be regarded as a static load on the building. For taller and/or more flexible struc- 
tures the static load approach is insufficient, and the wind load on the building is 
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treated as a dynamic load. Boundary-layer wind tunnel tests can be used to accurately 
determine the dynamic response of tall buildings to wind loading and excitation. 
In general, it is common to conduct wind tunnel tests for tall buildings having high 
aspect ratios. The boundary layer wind tunnel differs from aeronautical wind tunnels 
in that it models the inherent turbulence in the wind as well as the variation of 
wind speed with height above the ground surface, both of which must be modelled 
correctly in order to accurately predict the pressures and forces on buildings. 

The sizes of the building and of the wind tunnel determine the scale of the model. 
In structural design, the wind load is determined by the results obtained from wind 
tunnel tests. In studies done to determine aerodynamic forces formed as a result of the 
interaction of the wind with tall buildings, the models used in wind tunnel tests are 
most commonly on scales of 1:300 and 1:500. Some recent examples are Chen et al., 
2006 (1:500 scale Taipei 101 model) (Figure 5.4) and Weismantle et al., 2007 (1:500 
scale Burj Khalifa model) (Figure 5.5). A guide to wind tunnel testing of high-rise 
buildings has recently been published by the CTBUH wind engineering working 
group which gives a more complete overview of the wind tunnel testing procedure 
(Irwin et al., 2013). 


FIGURE 5.4 Taipei 101, wind tunnel test model (1:500 scale) 
(credit for photo: RWDI) 
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FIGURE 5.5 Burj Khalifa, wind tunnel test model (1:500 scale) 
(credit for photo: RWDI) 
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DESIGN APPROACHES AGAINST WIND 
EXCITATION 


At every step that tall building design takes toward the sky, today’s architects and 
engineers encounter new difficulties. As the height of modern skyscrapers rises with 
developments in the field of structural system design and the use of high-strength 
materials, their weight and rigidity decrease, and their slenderness and flexibility — 
and thus their sensitivity to wind loads — increase. Wind loads, which cause large 
lateral drift, play a decisive role in the design of tall buildings and can be even more 
critical than earthquake loads. As a result, the wind loads and lateral drift to which tall 
buildings are subject have become an important problem (Figure 6.1). 

Design approaches for controlling wind-induced building sway in tall buildings 
and protecting serviceability can be divided into three main groups, the “architec- 
tural design approach”, the “structural design approach” and the “mechanical design 
approach” and their respective subgroups. 


developments in the field of structural system design 
and 
use of high-strength materials 


decreasing building weight and rigidity 


increasing building slenderness and flexibility 


increasing building sensitivity to wind loads 


FIGURE 6.1 Tall buildings and the increasing building sensitivity to wind loads 
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6.1 Architectural design approach 


6.1.1 Aerodynamic-based design 


In tall and flexible buildings, aerodynamic behaviour generally becomes important. 
The wind-induced building response of tall buildings can be reduced by means of 
aerodynamic-based design and modifications that change the flow pattern around the 
building or break up the wind affecting the building face. 

Aerodynamic-based design can be divided into two types, “aerodynamic architec- 
tural design” and “aerodynamic architectural modifications” and their subgroups. 


Aerodynamic architectural design 


Aerodynamic architectural design is realized by taking into consideration matters 
such as “building orientation (position)”, “aerodynamic form”, “plan variation” and 
“aerodynamic top” as part of the basic design. Aerodynamic architectural design plays 
an important role in reducing the effect of wind on tall buildings (Ali and Armstrong, 
1995; Holmes, 2001; Irwin, 2009; Irwin et al., 2006; Irwin et al., 2008a; Irwin et al., 
2008b; Kareem et al., 1999; Schueller, 1977; Scott et al., 2005). This reduction is 
generally in the region of 20-30 per cent, but can even exceed 50 per cent (Kim et 
al., 2008; Scott et al., 2005). These approaches are described below. 


Building orientation (position) 


Orienting (positioning) the building according to the prevailing wind direction is an 
effective design approach for reducing wind loads. A reduction of between 10-20 per 
cent of the across-wind building response can be obtained by rotating the building to 
within 10° of the wind direction (Scott et al., 2005). The effectiveness of this approach 
is dependent on both the wind climate at the project site and the shape of the 
building. In wind climates with very directional extreme winds and building shapes 
that are directionally sensitive this is more effective than, say, for a more regularly 
shaped building in a wind climate without strong directional characteristics. 


Aerodynamic form 


The use of aerodynamic building forms is an effective method of reducing the wind 
loads on buildings. In this context, cylindrical, elliptical, conical and twisted forms 
can be accepted among the efficient building forms. 

Because cylindrical buildings (i.e., having circular or elliptical plan forms) have a 
smaller surface perpendicular to the wind direction, the wind pressure is less than in 
prismatic buildings. For buildings having circular plan form, the wind load is about 
20 per cent less, compared with buildings having a rectangular plan form (Taranath, 
2005). According to Davenport's study (1971) of models representing buildings of 
about 70 stories, the largest lateral drift value exhibited by a building with a circular 
plan under wind loads is approximately half of the lateral drift value exhibited by 
a building with a square plan. Buildings with elliptical plans also exhibit similar 
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behaviour to buildings with circular plans. The architect of Le France Building in Paris 
stated that the wind load could be reduced by 27 per cent in buildings with an ellip- 
tical plan (Schueller, 1977). 

Examples of buildings with aerodynamic forms include: 


e Marina City Towers (Chicago, 1964) (Figure 6.2), with a cylindrical form 

e Norman Foster’s proposal of a conical form for the Millennium Tower (Tokyo, 
1993, proposed) (Figure 6.3) 

e The Bahrain World Trade Center (Manama, 2008) (Figure 4.4), with a sail-shaped 
form 

e The Chicago Spire (Chicago, never completed) (Figure 6.4) and the Shanghai 
Tower (Shanghai, under construction), both of which have twisted forms. 


Among these examples, aerodynamic form concerns played an important role in the 
architectural designs for the Millennium Tower and the Chicago Spire (Kareem et al., 
1999; Tomasetti, 2007). 

Due to the facade channels made possible by the twisted form of the design of the 
Chicago Spire, the effect of wind on the building is neatly blocked by breaking up 
the wind flow. Thus, wind-induced lateral loads are reduced. Thornton Tomasetti, the 
structural engineers of the building, reported that the design was the result of collabo- 
ration between the architects and the structural engineers, and that wind tunnel tests 
had confirmed the aerodynamic efficiency of the architectural form (Tomasetti, 2007). 
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FIGURE 6.2 Marina City Towers, Chicago, USA, 1964 
(courtesy of Antony Wood/CTBUH) 
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FIGURE 6.3 The Millennium Tower, Tokyo, FIGURE 6.4 Chicago Spire, Chicago, USA, 
Japan, 1993, proposed never completed 


Plan variation 


Varying the building plan results from the variation in plan dimensions or shape 
throughout the height of the building and can be achieved by: 


a. reducing the plan area 
b. changing the plan shape. 


Plan variation by reducing the plan area toward the top of the building results in a 
reduction in the surface area affected by the wind at the upper levels of the building, 
which lessens the wind intensity and thus the excess pressure. The reduction in the 
plan area of the building as it rises can be in the form of: 


e tapering 
e setbacks. 


Creating an inward-tapered facade (resulting in the building narrowing upward) 
or providing setbacks are effective methods for reducing the across-wind building 
response (Ali and Armstrong, 1995; Davenport, 1988; Irwin, 2008; Irwin, 2009; Irwin 
et al., 2008a; Irwin et al., 2008b; Kim et al., 2008; Schueller, 1977; Scott et al., 2005). 

By designing tall and slender buildings in this way, lateral drift can be reduced by 
10 to 50 per cent (Schueller, 1977). An analytical study by Khan (1972) has shown 
that, by creating a slope of 8 per cent in the facade of a 40-storey building, a 50 per 
cent reduction of the lateral drift in the upper stories can be obtained. 
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Examples of buildings with tapering include: 


e John Hancock Center (Chicago, 1969) (Figure 6.5g) 

e Chase Tower (Chicago, 1969) (Figure 6.6) 

e Transamerica Pyramid (San Francisco, 1972) (Figure 6.7) 

e Shanghai World Financial Center (Shanghai, 2008) (Figure 6.5c). 


Buildings in which setbacks have been used to reduce the plan area: 


e Petronas Twin Towers (Kuala Lumpur, 1998) (Figure 6.5d) 
e Bank of China Tower (Hong Kong, 1989) (Figure 6.5f) 

e Willis Tower (Chicago, 1974) (Figure 6.5e) 

e Burj Khalifa (Dubai, 2010) (Figure 6.5a). 


Among these examples, aerodynamic form played an important role in the architec- 
tural design of the Burj Khalifa from the earliest stages of the design (Irwin and Baker, 
2006). 

The Taipei 101, completed in 2004 (Figure 6.5b), is an example of the use of both 
setbacks and tapering. However, since the facades are tapered outward, in the form 
of repetitive modules, setback formation does not cause a reduction in the plan area 
toward the top of the building. 

Varying the plan by changing the plan shape at various levels throughout the height 
of the building causes a corresponding change in the vortex shedding effect, which 
disorients the across-wind vortices and breaks up their organization (Irwin, 2009). 


The Petronas Twin Towers 
Bank of China Tower 
John Hancock Center 


Willis Tower 
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FIGURE 6.5 Some examples of buildings with tapering and setbacks 
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FIGURE 6.6 Chase Tower, Chicago, USA, FIGURE 6.7 Transamerica Pyramid, San 
1969 Francisco, USA, 1972 
(courtesy of Marshall Gerometta/CTBUH) (courtesy of Niels Jakob Darger) 


Aerodynamic top 


The basis of the aerodynamic building top approach is the creation of an aerodynamic 
form near the top of the building that is part of the aerodynamic design of the building 
overall. These elements include approaches such as tapering the upper part of the 
building by progressively reducing the plan area and/or providing wind openings. 
Paying attention to the aerodynamics of the building top secures improvements not 
only in the along-wind, but also in the across-wind building response, by reducing 
the effect of wind-induced turbulence (vortex shedding forces) (Dutton and Isyumov, 
1990; Ho, 2007; Irwin, 2009; Irwin et al., 2008a; Irwin et al., 2008b; Isyumov et al., 
1992; Kareem et al., 1999). To reduce the across-wind response of the building, the 
optimum location for the along-wind openings is positioned between 80 per cent and 
90 per cent of the building height (Kikitsu and Okada, 2003). 
Examples of tall buildings with an aerodynamic top include: 


e Taipei 101 (Taipei, 2004) (Figure 3.36) 

e Jin Mao Building (Shanghai, 1999) (Figure 6.8) 

e Two International Finance Centre (Hong Kong, 2003) (Figure 6.9) 

e Petronas Twin Towers (Kuala Lumpur, 1998) (Figure 6.10) 

e Central Plaza (Hong Kong, 1992) 

e Shanghai World Financial Center (Shanghai, 2008) (Figure 6.11) (Ho, 2007; 
Kareem et al., 1999). 
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Among these examples, an aerodynamic top consisting of trapezoidal wind openings 
played an important role in the architectural design of the Shanghai World Financial 
Center (Kareem et al., 1999). 


FIGURE 6.8 Jin Mao Building, aerodynamic top 
(photo on right courtesy of Niels Jakob Darger) 


FIGURE 6.9 Two International Finance Centre, aerodynamic top 
(courtesy of Antony Wood/CTBUH) 
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FIGURE 6.10 The Petronas Twin Towers, aerodynamic top 
(courtesy of Antony Wood/CTBUH) 


FIGURE 6.11 Shanghai World Financial Center, aerodynamic top 
(courtesy of Niels Jakob Darger) 


Aerodynamic architectural modifications 


Aerodynamic architectural modifications consist of corner modifications that do not 
significantly alter the existing architectural design. Modifications to corner geometry 
by means of recessed/notched, cut, slotted and rounded corners reduce the across- 
wind building response, as compared with an original building shape with sharp 
corners. 

In a prismatic building, recessed (notched), cut, slotted and rounded corners 
(Figure 6.12) can reduce the along-wind and across-wind building response to an 
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important degree (Gu and Quan, 2004; Irwin, 2009; Irwin et al., 2008a; Irwin et 
al., 2008b; Kawai, 1998; Kim et al., 2008; Kwok, 1995; Kwok and Bailey, 1987; 
Kwok et al., 1988; Scott et al., 2005). A chamfered (recessed/notched or cut) corner, 
which reduces the width of the building by 10 per cent compared with a sharp 
corner, reduces the along-wind building response by 40 per cent and the across- 
wind building response by 30 per cent (Holmes, 2001). Irwin (2009) terms “modified 
corners” as “softened corners” and states that “The corner softening should extend 
about 10 per cent of the building width in from the corner.” However, corner modifi- 
cations may cause adverse effects in serviceability and safety of the building (Kareem 
et al., 1999). 

Rounded corners are the most effective type of corner modification (Gu and Quan, 
2004). Approximating a circular plan form by increasing the corner roundness also 
reduces the wind loads affecting the building to an important degree (Gu and Quan, 
2004; Kareem et al., 1999; Miyashita et al., 1995). 


Sharp Recessed SE Rounded 
(Notched) 


FIGURE 6.12 Modifications to corner geometry 


FIGURE 6.13 Taipei 101, saw-tooth corners 


FIGURE 6.14 Two International Finance Centre, saw-tooth corners 


When comparing saw-tooth corners — which are a development of recessed 
corners — with sharp corners, in the view of Poon et al. (2004) they reduce the wind 
load affecting the building to an important degree. According to Irwin (2008, 2009) 
they cause approximately a 25 per cent reduction in the wind-induced base moment 
in the case of Taipei 101 (Figure 6.13). 
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FIGURE 6.15 World Trade Center Twin Towers, cut corners 


Examples include the use of saw-tooth (double-notch) corners in the Two 
International Finance Centre (Hong Kong, 2003) (Figure 6.14) and of cut corners in 
the World Trade Center Twin Towers (New York, 1972) (Figure 6.15). 


6.1.2 Structure-based design 


Buildings with symmetrical plan forms exhibit greater structural efficiency under 
lateral loads than buildings with asymmetrical plan forms (Ho, 2007). A building 
with a rectangular plan exhibits greater sensitivity to wind loads than buildings 
with circular, elliptical, or triangular plans (Ali and Armstrong, 1995). Thanks to the 
inherent strength of their geometry, these forms exhibit improved structural efficiency 
and help to reduce the construction cost. Examples include: the Marina City Towers 
(Chicago, 1964) (Figure 6.2), which has a cylindrical form; the Millennium Tower 
(Tokyo, 1993, proposed) (Figure 6.3), which has a conical form; and the U.S. Steel 
Tower (Pittsburgh, 1970) (Figure 6.16), which has a triangular plan. 


FIGURE 6.16 U.S. Steel Tower, Pittsburgh, USA, 1970 
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Curved (crescent) or zigzag plans can also be used to increase the stiffness of the 
building against lateral loads. The behaviour of these forms against lateral loads is as 
effective as the behaviour exhibited by folded plates against vertical loads (Schueller, 
1977). The City Hall Towers (Toronto, 1965) (Figure 6.17) and the Bow (Calgary, 
2012), which have a curved plan form, are examples. 


6.2 Structural design approach 


The control of the dynamic response of a tall and flexible building can be achieved 
by increasing stiffness by the use of “shear-frame systems”, “mega column systems”, 


“mega core systems”, “outriggered frame systems” and “tube systems” as a structural 
design approach which is discussed separately in Sections 3.6—3.10. 


6.3 Mechanical design approach 


In designing tall buildings, engineers assume a certain level of inherent damping 
in the structure when estimating the serviceability of the building under wind- and 
earthquake-induced lateral loads. 

The inherent damping capacity of a building is affected by: 


e the structural system 

e the materials used in the structural system 

e the cladding and non-structural elements such as interior and exterior partition 
walls 

e the soil-structure interaction. 


This is difficult to estimate and measure. 


FIGURE 6.17 City Hall Towers, Toronto, Canada, 1965 
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Because the inherent damping capacity of buildings is often insufficient and difficult 
to estimate, auxiliary damping systems — the mechanical design approach — are used 
to reduce the effects of wind-induced vibration. These systems, known as “dampers”, 
are mechanisms used to slow the lateral movement and reduce its magnitude and 
dampen the building sway by influencing the phases of force and displacement. 
Auxiliary damping systems can be divided into four groups: 


e passive systems 

e active systems 

e semi-active systems 
e hybrid systems. 


Passive systems, which are systems that do not need an external power source, 
function by counteracting the building sway. These systems can be divided into two 
subgroups (Ali and Moon, 2007): 


e  energy-dissipating material-based damping systems 
e auxiliary mass damping systems. 


Energy-dissipating material-based damping systems are designed to dampen the 
dynamic motion of the building and are generally integrated with the structural 
system. Viscoelastic dampers (VEDs) are an example of this kind of system. The “elastic 
property” is the ability to return to an earlier state by storing energy, as with a coiled 
spring; the “viscous property” is the ability to flow like a thick liquid. The dampers, 
which combine elastic and viscous properties, dissipate the energy of the deformation 
caused by lateral forces by countering them with their viscoelastic behaviour and 
achieve damping by slowing down wind-induced vibration. Viscoelastic dampers 
were used in the World Trade Center Twin Towers (Figure 6.18). 

Auxiliary mass systems are founded on the principle of creating drift in the opposite 
direction to the lateral drift of the building by creating a counteracting inertia force. 
Tuned mass dampers (TMDs) are an example of this kind of system. These dampers 
basically consist of mechanisms that control the function of a mass producing a 
counteracting inertia force and a mechanism to ensure the desired performance 
(Figure 6.19). The mass, which oscillates against wind-induced vibration, creates the 
counteracting inertia force. Generally it is located near the building top to obtain 
the best performance. In the Taipei 101, a 730-ton TMD was used near the top of 
the building (between the 87th and 92nd floors) (Figure 6.20). Tuned liquid dampers 
(TLDs) are also an example of auxiliary mass damping systems. These dampers consist 
of a liquid mass producing a counteracting inertia force and a mechanism to ensure 
the desired performance. The “sloshing” of the liquid mass creates an inertia force that 
counteracts the wind-induced vibration. Tuned liquid dampers have been considered 
for use in the Millennium Tower (proposed) (Figure 6.21). 

Active systems, which aim to dampen wind-induced vibration, need an external 
energy source and are controlled by feedback from the structural responses. Active 
mass dampers (AMDs) are an example of this kind of system. These dampers resemble 
TMDs in their appearance, but while TMDs’ ability to cope with a range of loads is 
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FIGURE 6.18 The use of viscoelastic dampers in the World Trade Center Twin Towers 
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FIGURE 6.19 A tuned mass damper (TMD) 


limited, AMDs can handle a much wider range of loads. Wind-induced vibration 
is monitored by a computer, which turns on the active mass dampers as necessary, 
damping the unwanted vibration. AMDs were used in the Applause Tower (Osaka, 
1992) and the Nanjing TV Tower (Nanjing, 1993). 

Although active systems are more efficient than passive systems, the possibility 
cannot be ignored that in extreme conditions they may be insufficient or impossible 
to activate because they require an external power source. For this reason, passive 
systems are preferable to active systems. 
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Semi-active systems are a subset of active systems, but need less external energy 
than active systems. Examples of these systems include semi-active impact dampers, 
adjustable tuned liquid dampers and controllable fluid dampers. 

Hybrid systems are systems where active and passive systems, or semi-active and 
passive systems, are combined. Hybrid mass dampers (HMDs) are an example of this 
kind of system. 


Floor 92 


Floor 87 


FIGURE 6.20 The use of a tuned mass damper in the Taipei 101 
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FIGURE 6.21 The use of a tuned liquid damper in the Millennium Tower (Kareem et al., 
1999) 
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APPENDIX: EXAMPLES OF TALL BUILDINGS 
AND THEIR STRUCTURAL SYSTEMS 


Shear-frame systems 


OFFICIAL NAME 
LOCATION 

BUILDING FUNCTION 
ARCHITECTURAL HEIGHT 
NUMBER OF STOREYS 
STATUS 

COMPLETION 
ARCHITECT 


STRUCTURAL ENGINEER 
STRUCTURAL SYSTEM 


Shear trussed frame system 


OFFICIAL NAME 
LOCATION 

BUILDING FUNCTION 
ARCHITECTURAL HEIGHT 
NUMBER OF STOREYS 
STATUS 

COMPLETION 
ARCHITECT 
STRUCTURAL ENGINEER 


STRUCTURAL SYSTEM 


Seagram Building 

New York, USA 

Office 

157m 

38 

Completed 

1958 

Ludwig Mies van der Rohe; Kahn & 
Jacobs 

Severud Associates 

Shear trussed frame + shear walled 
frame system/composite 


Empire State Building 

New York, USA 

Office 

381m 

102 

Completed 

1931 

Shreve Lamb & Harmon Associates 
H.G. Balcom & Associates; Post and 
McCord; Strong & Jones Engineers 
Shear trussed frame system/steel 
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OFFICIAL NAME 
LOCATION 

BUILDING FUNCTION 
ARCHITECTURAL HEIGHT 
NUMBER OF STOREYS 
STATUS 

COMPLETION 
ARCHITECT 
STRUCTURAL ENGINEER 
STRUCTURAL SYSTEM 


Shear walled frame system 


OFFICIAL NAME 
LOCATION 

BUILDING FUNCTION 
ARCHITECTURAL HEIGHT 
NUMBER OF STOREYS 
STATUS 

COMPLETION 

1 ARCHITECT 
STRUCTURAL ENGINEER 
STRUCTURAL SYSTEM 


OFFICIAL NAME 
LOCATION 

BUILDING FUNCTION 
ARCHITECTURAL HEIGHT 
NUMBER OF STOREYS 
STATUS 

COMPLETION 
ARCHITECT 


STRUCTURAL ENGINEER 
STRUCTURAL SYSTEM 


Chrysler Building 

New York, USA 

Office 

319m 

77 

Completed 

1930 

William van Alen 

Ralph Squire & Sons 

Shear trussed frame system/steel 


Pirelli Building 
Milan, Italy 
Office 

127m 

32 

Completed 
1958 

Gio Ponti 

Pier Luigi Nervi 
Shear walled frame system/reinforced 
concrete 


CITIC Plaza 

Guangzhou, China 

Office 

390m 

80 

Completed 

1996 

Dennis Lau & Ng Chun Man Architects 
& Engineers 

Maunsell AECOM Group 

Shear walled frame system/reinforced 
concrete 
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OFFICIAL NAME Q1 

LOCATION Gold Coast, Australia 
BUILDING FUNCTION Residential 
ARCHITECTURAL HEIGHT 323m 

NUMBER OF STOREYS 78 


STATUS Completed 
COMPLETION 2005 
ARCHITECT Sunland Group 


STRUCTURAL ENGINEER Ove Arup & Partners 
STRUCTURAL SYSTEM Shear walled frame system/reinforced 


concrete 
OFFICIAL NAME Kingdom Center 
LOCATION Riyadh, Saudi Arabia 


BUILDING FUNCTION Mixed-use (Residential, hotel, office) 
ARCHITECTURAL HEIGHT 302m 
NUMBER OF STOREYS 41 


STATUS Completed 
COMPLETION 2002 
ARCHITECT Ellerbe Becket; Omrania & Associates 


STRUCTURAL ENGINEER Ove Arup & Partners 
STRUCTURAL SYSTEM Shear walled frame system/reinforced 


concrete 
OFFICIAL NAME One Island East Centre 
LOCATION Hong Kong, China 


BUILDING FUNCTION Office 
ARCHITECTURAL HEIGHT 298m 
NUMBER OF STOREYS 69 


STATUS Completed 
COMPLETION 2008 
ARCHITECT Wong & Ouyang 


STRUCTURAL ENGINEER Ove Arup & Partners 
STRUCTURAL SYSTEM Shear walled frame system/reinforced 
concrete 
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OFFICIAL NAME Comcast Center 

LOCATION Philadelphia, USA 

BUILDING FUNCTION Office 

ARCHITECTURAL HEIGHT 297m 

NUMBER OF STOREYS 57 

STATUS Completed 

COMPLETION 2008 

ARCHITECT Robert A.M. Stern Architects; Kendall/ 
Heaton Associates 

STRUCTURAL ENGINEER Thornton Tomasetti 

STRUCTURAL SYSTEM Shear walled frame system/ 
reinforced concrete 


OFFICIAL NAME 311 South Wacker Drive 

LOCATION Chicago, USA 

BUILDING FUNCTION Office 

ARCHITECTURAL HEIGHT 293m 

NUMBER OF STOREYS 65 

STATUS Completed 

COMPLETION 1990 

ARCHITECT Kohn Pedersen Fox Associates; HKS 
Architects 

STRUCTURAL ENGINEER  Brockette Davis Drake 

STRUCTURAL SYSTEM Shear walled frame system/ 
reinforced concrete 


OFFICIAL NAME Al Faisaliah Center 

LOCATION Riyadh, Saudi Arabia 

BUILDING FUNCTION Office 

ARCHITECTURAL HEIGHT 267m 

NUMBER OF STOREYS 30 

STATUS Completed 

COMPLETION 2000 

ARCHITECT Foster + Partners 

STRUCTURAL ENGINEER Buro Happold; Sendai Eversendai 
Engineering Group 

STRUCTURAL SYSTEM Shear walled frame system/ 
- reinforced concrete 


www.EngineeringBooksPDF.com 


OFFICIAL NAME 
LOCATION 

BUILDING FUNCTION 
ARCHITECTURAL HEIGHT 
NUMBER OF STOREYS 
STATUS 

COMPLETION 
ARCHITECT 


STRUCTURAL ENGINEER 


STRUCTURAL SYSTEM 


OFFICIAL NAME 
LOCATION 

BUILDING FUNCTION 
ARCHITECTURAL HEIGHT 
NUMBER OF STOREYS 
STATUS 

COMPLETION 
ARCHITECT 
STRUCTURAL ENGINEER 
STRUCTURAL SYSTEM 


OFFICIAL NAME 
LOCATION 

BUILDING FUNCTION 
ARCHITECTURAL HEIGHT 
NUMBER OF STOREYS 
STATUS 

COMPLETION 
ARCHITECT 


STRUCTURAL ENGINEER 
STRUCTURAL SYSTEM 
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Highcliff 

Hong Kong, China 

Residential 

252m 

73 

Completed 

2003 

Dennis Lau & Ng Chun Man Architects 
& Engineers 

Magnusson Klemencic Associates; 
Canwest Consultants Limited 
Shear walled frame system/ 
reinforced concrete 


Bahrain World Trade Center 
Manama, Kingdom of Bahrain 
Mixed-use (Office, commercial) 
240m 

45 

Completed 

2008 

WS Atkins & Partners 

WS Atkins & Partners 

Shear walled frame system/ 
reinforced concrete 


Lake Point Tower 

Chicago, USA 

Residential 

197m 

70 

Completed 

1968 

Schipporeit-Heinrich Associates; 
Graham, Anderson, Probst & White 
William Schmidt & Associates 
Shear walled frame system/ 
reinforced concrete 
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OFFICIAL NAME Strata 


~ LOCATION London, UK 


BUILDING FUNCTION Residential 
ARCHITECTURAL HEIGHT 148m 
NUMBER OF STOREYS 43 

STATUS Completed 
COMPLETION 2010 
ARCHITECT BFLS 
STRUCTURAL ENGINEER WSP Group 


STRUCTURAL SYSTEM Shear walled frame system/ 
reinforced concrete 


OFFICIAL NAME Cook County Administration Building 
(formerly Brunswick Building) 
LOCATION Chicago, USA 


BUILDING FUNCTION Office 

ARCHITECTURAL HEIGHT 145m 

NUMBER OF STOREYS 35 

STATUS Completed 

COMPLETION 1964 

ARCHITECT Bruce Graham (SOM) 

STRUCTURAL ENGINEER Fazlur Rahman Khan (SOM) 

STRUCTURAL SYSTEM Shear walled frame system/ 
reinforced concrete 


Mega column (mega frame, space truss) systems 


emee T 
f 


OFFICIAL NAME The Center 
LOCATION Hong Kong, China 
BUILDING FUNCTION Office 
ARCHITECTURAL HEIGHT 346m 

NUMBER OF STOREYS 73 


STATUS Completed 

COMPLETION 1998 

ARCHITECT Dennis Lau & Ng Chun Man Architects 
& Engineers 


STRUCTURAL ENGINEER Maunsell AECOM Group 
STRUCTURAL SYSTEM Mega column system/composite 
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Mega core systems 


OFFICIAL NAME 
LOCATION 

BUILDING FUNCTION 
ARCHITECTURAL HEIGHT 
NUMBER OF STOREYS 
STATUS 

COMPLETION 
ARCHITECT 
STRUCTURAL ENGINEER 
STRUCTURAL SYSTEM 


OFFICIAL NAME 
LOCATION 

BUILDING FUNCTION 
ARCHITECTURAL HEIGHT 
NUMBER OF STOREYS 
STATUS 

COMPLETION 
ARCHITECT 
STRUCTURAL ENGINEER 
STRUCTURAL SYSTEM 


OFFICIAL NAME 
LOCATION 

BUILDING FUNCTION 
ARCHITECTURAL HEIGHT 
NUMBER OF STOREYS 
STATUS 

COMPLETION 
ARCHITECT 


STRUCTURAL ENGINEER 
STRUCTURAL SYSTEM 
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Commerzbank Tower 

Frankfurt, Germany 

Office 

259m 

56 

Completed 

1997 

Foster + Partners 

Ove Arup & Partners; Krebs und Kiefer 
Mega column system/composite 


Aspire Tower 

Doha, Qatar 

Mixed-use (Hotel, office) 

300m 

36 

Completed 

2007 

Hadi Simaan 

Ove Arup & Partners 

Mega core system/reinforced concrete 


8 Shenton Way 

Singapore, Singapore 

Office 

235m 

52 

Completed 

1986 

The Stubbins Associates; Architects 61 
Private 

Ove Arup & Partners 

Mega core system/reinforced concrete 
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OFFICIAL NAME 
LOCATION 

BUILDING FUNCTION 
ARCHITECTURAL HEIGHT 
NUMBER OF STOREYS 
STATUS 

COMPLETION 
ARCHITECT 
STRUCTURAL ENGINEER 
STRUCTURAL SYSTEM 


Outriggered frame systems 


| 


OFFICIAL NAME 
LOCATION 

BUILDING FUNCTION 
ARCHITECTURAL HEIGHT 
NUMBER OF STOREYS 
STATUS 

COMPLETION 
ARCHITECT 


STRUCTURAL ENGINEER 
STRUCTURAL SYSTEM 


OFFICIAL NAME 
LOCATION 

BUILDING FUNCTION 
ARCHITECTURAL HEIGHT 
NUMBER OF STOREYS 
STATUS 

COMPLETION 
ARCHITECT 
STRUCTURAL ENGINEER 
STRUCTURAL SYSTEM 


HSB Turning Torso 

Malmo, Sweden 

Residential 

190m 

57 

Completed 

2005 

Santiago Calatrava 

SWECO 

Mega core system/reinforced concrete 


Burj Khalifa (formerly Burj Dubai) 
Dubai, U.A.E 

Mixed-use (Hotel, residential, office) 
828m 

163 

Completed 

2010 

Skidmore, Owings & Merrill (SOM); 
Hyder Consulting 

William F. Baker (SOM) 
Outriggered frame system/ 
reinforced concrete 


Shanghai Tower 

Shanghai, China 

Mixed-use (Hotel, office) 

632m 

121 

Under construction 

2014 (estimated) 

Gensler 

Thornton Tomasetti 

Outriggered frame system/composite 
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OFFICIAL NAME Taipei 101 
LOCATION Taipei, Taiwan 
BUILDING FUNCTION Office 
ARCHITECTURAL HEIGHT 508m 
NUMBER OF STOREYS 101 


STATUS Completed 

COMPLETION 2004 

ARCHITECT C.Y. Lee & Partners 

STRUCTURAL ENGINEER Thornton Tomasetti; Evergreen 
Engineering 


STRUCTURAL SYSTEM Outriggered frame system/composite 


OFFICIAL NAME Shanghai World Financial Center 
_ LOCATION Shanghai, China 

BUILDING FUNCTION Mixed-use (Office, hotel) 

ARCHITECTURAL HEIGHT 492m 

NUMBER OF STOREYS 101 


STATUS Completed 
COMPLETION 2008 
ARCHITECT Kohn Pedersen Fox Associates; Irie 


Miyake Architects and Engineers 
STRUCTURAL ENGINEER Leslie E. Robertson Associates 
STRUCTURAL SYSTEM Outriggered frame system/composite 


OFFICIAL NAME International Commerce Centre (ICC) 
LOCATION Hong Kong, China 

BUILDING FUNCTION Mixed-use (Hotel, office) 
ARCHITECTURAL HEIGHT 484m 

NUMBER OF STOREYS 108 


STATUS Completed 
COMPLETION 2010 
ARCHITECT Kohn Pedersen Fox Associates 


STRUCTURAL ENGINEER Ove Arup & Partners 
STRUCTURAL SYSTEM Outriggered frame system/composite 
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OFFICIAL NAME 
LOCATION 

BUILDING FUNCTION 
ARCHITECTURAL HEIGHT 
NUMBER OF STOREYS 
STATUS 

COMPLETION 
ARCHITECT 
STRUCTURAL ENGINEER 
STRUCTURAL SYSTEM 


OFFICIAL NAME 
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ARCHITECT 
STRUCTURAL ENGINEER 
STRUCTURAL SYSTEM 
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LOCATION 
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COMPLETION 
ARCHITECT 
STRUCTURAL ENGINEER 
STRUCTURAL SYSTEM 


The Petronas Twin Towers 
Kuala Lumpur, Malaysia 
Office 

452m 

88 

Completed 

1998 

César Pelli & Associates 
Thornton Tomasetti; Ranhill Bersekutu 
Outriggered frame system/ 
reinforced concrete 


Zifeng Tower (formerly Nanjing 
Greenland Financial Center) 
Nanjing, China 

Mixed-use (Hotel, office) 

450m 

66 

Completed 

2010 

Skidmore, Owings & Merrill (SOM) 
Skidmore, Owings & Merrill (SOM) 
Outriggered frame system/composite 


Trump International Hotel & Tower 
Chicago, USA 

Mixed-use (Residential, hotel) 
423m 

98 

Completed 

2009 

Skidmore, Owings & Merrill (SOM) 
Skidmore, Owings & Merrill (SOM) 
Outriggered frame system/ 
reinforced concrete 
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Jin Mao Building 

Shanghai, China 

Mixed-use (Office, hotel) 

421m 

88 

Completed 

1999 

Skidmore, Owings & Merrill (SOM) 
Skidmore, Owings & Merrill (SOM) 
Outriggered frame system/composite 


Two International Finance Centre 
Hong Kong, China 

Office 

412m 

88 

Completed 

2003 

César Pelli & Associates; Rocco Design 
Ove Arup & Partners 

Outriggered frame system/composite 


Shun Hing Square 

Shenzhen, China 

Office 

384m 

69 

Completed 

1996 

K.Y. Cheung Design Associates; 
American Design Associates 
Maunsell AECOM Group; Nippon Steel 
Corp; Leslie E. Robertson Associates 
Outriggered frame system/composite 
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OFFICIAL NAME 
LOCATION 

BUILDING FUNCTION 
ARCHITECTURAL HEIGHT 
NUMBER OF STOREYS 
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COMPLETION 
ARCHITECT 
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STRUCTURAL SYSTEM 
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OFFICIAL NAME 
LOCATION 
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NUMBER OF STOREYS 
STATUS 

COMPLETION 
ARCHITECT 
STRUCTURAL ENGINEER 
STRUCTURAL SYSTEM 


New York Times Tower 

New York, USA 

Office 

319m 

52 

Completed 

2007 

FXFOWLE; Renzo Piano Building 
Workshop 

Thornton Tomasetti 

Outriggered frame system/steel 


Menara Telekom 

Kuala Lumpur, Malaysia 
Office 

310m 

55 

Completed 

2001 

Hijjas Kasturi Associates 
Ranhill Bersekutu 
Outriggered frame system/ 
reinforced concrete 


Eureka Tower 

Melbourne, Australia 
Residential 

297m 

91 

Completed 

2006 

Fender Katsalidis 

Connell Mott MacDonald 
Outriggered frame system/ 
reinforced concrete 
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Plaza 66 
Shanghai, China 
Office 

288m 

66 

Completed 

2001 
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Kohn Pedersen Fox Associates; Frank CY 


Feng Architects & Associates 
Thornton Tomasetti 
Outriggered frame system/ 
reinforced concrete 


Cheung Kong Centre 

Hong Kong, China 

Office 

283m 

63 

Completed 

1999 

César Pelli & Associates; Leo A. Daly; 
Hsin Yieh Architects & Associates 
Ove Arup & Partners 

Outriggered frame system/composite 


Langham Place Office Tower 
Hong Kong, China 

Office 

255m 

59 

Completed 

2004 

Wong & Ouyang 

Ove Arup & Partners 
Outriggered frame system/ 
reinforced concrete 
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OFFICIAL NAME 
LOCATION 

BUILDING FUNCTION 
ARCHITECTURAL HEIGHT 
NUMBER OF STOREYS 
STATUS 

COMPLETION 
ARCHITECT 
STRUCTURAL ENGINEER 
STRUCTURAL SYSTEM 


Tube systems 
Framed-tube systems 


OFFICIAL NAME 


LOCATION 

BUILDING FUNCTION 
ARCHITECTURAL HEIGHT 
NUMBER OF STOREYS 
STATUS 


COMPLETION 
ARCHITECT 


STRUCTURAL ENGINEER 
STRUCTURAL SYSTEM 
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STATUS 

COMPLETION 
ARCHITECT 


STRUCTURAL ENGINEER 
STRUCTURAL SYSTEM 


World Tower 

Sydney, Australia 
Residential 

230m 

73 

Completed 

2004 

Nation Fender Katsalidis 
Connell Mott MacDonald 
Outriggered frame system/ 
reinforced concrete 


World Trade Center Twin Towers 
(WTC I - II) 

New York, USA 

Office 

415/417m 

110 

Demolished after collapse following fire 
and airplane impact (2001) 
1972 (WTC I), 1973 (WTC II) 
Minoru Yamazaki & Associates; 
Emery Roth & Sons 

Leslie E. Robertson Associates 
Framed-tube system/steel 


Water Tower Place 

Chicago, USA 

Mixed-use (Residential, hotel, retail) 
262m 

74 

Completed 

1976 

Loebl Schlossman Dart & Hackl; C.F. 
Murphy Associates 

C.F. Murphy Associates 
Framed-tube system/ 

reinforced concrete 
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Olympia Centre 

Chicago, USA 

Mixed-use (Residential, office) 
223m 

63 

Completed 

1986 

Skidmore, Owings & Merrill (SOM) 
Skidmore, Owings & Merrill (SOM) 
Framed-tube system/ 

reinforced concrete 


First Canadian Centre 
Calgary, Canada 

Office 

167m 

41 

Completed 

1982 

Bregman + Hamann Architects 
Read Jones Christoffersen Ltd. 
Framed-tube system/ 
reinforced concrete 


Torre Agbar 
Barcelona, Spain 
Office 

144m 

33 

Completed 

2004 

Ateliers Jean Nouvel 
Robert Brufau y Asociados; Obiol, 
Moya i Associats 
Framed-tube system/ 
reinforced concrete 
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ARCHITECT 
STRUCTURAL ENGINEER 
STRUCTURAL SYSTEM 


The Plaza on Dewitt (Dewitt-Chestnut 


Apartments) 

Chicago, USA 
Residential 

120m 

43 

Completed 

1966 

Myron Goldsmith (SOM) 
Fazlur Rahman Khan (SOM) 
Framed-tube system/ 
reinforced concrete 


Guangzhou International 
Finance Center 

Guangzhou, China 

Mixed-use (Hotel, office) 
439m 

103 

Completed 

2010 

Wilkinson Eyre 

Ove Arup & Partners; Architecture 
Design Institute of South China 
University of Technology 
Trussed-tube system (diagrid- 
framed-tube system)/steel 


Hearst Magazine Tower 

New York, USA 

Office 

182m 

46 

Completed 

2006 

Foster + Partners 

WSP Cantor Seinuk 
Trussed-tube system (diagrid- 
framed-tube system)/composite 
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30 St Mary Axe 

London, United Kingdom 
Office 

180m 

41 

Completed 

2004 

Foster + Partners 

Ove Arup & Partners 
Trussed-tube system (diagrid- 
framed-tube system)/steel 


COR Building 

Miami, USA 

Mixed-use (Residential, office) 
118m 

40 

Project pending 


Oppenheim Architecture+Design 
Ysrael A. Seinuk, PC 
Trussed-tube system (diagrid- 
framed-tube system)/ 

reinforced concrete 


O-14 

Dubai, U.A.E 

Office 

106m 

22 

Completed 

2010 

Reiser + Umemoto RUR Architecture 
P.C. 

Ysrael A. Seinuk, PC 
Trussed-tube system (diagrid- 
framed-tube system)/ 
reinforced concrete 
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Trussed-tube systems 
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COMPLETION 
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STRUCTURAL ENGINEER 


STRUCTURAL SYSTEM 


Bank of China Tower 

Hong Kong, China 

Office 

367m 

72 

Completed 

1990 

I.M. Pei & Partners; 

Sherman Kung & Associates Architects 
Leslie E. Robertson Associates; 
Valentine, Laurie, and Davis 
Trussed-tube system/mega frame 
system/space truss system/composite 


John Hancock Center 
Chicago, USA 

Mixed-use (Residential, office) 
344m 

100 

Completed 

1969 

Bruce Graham (SOM) 

Fazlur Rahman Khan (SOM) 
Trussed-tube system/steel 


Citigroup Center 

New York, USA 

Office 

279m 

59 

Completed 

1977 

Stubbins Associates; Emery Roth & Sons 
LeMessurier Consultants; 

The Office of James Ruderman 
Trussed-tube system/composite 
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OFFICIAL NAME CCTV Headquarters 

LOCATION Beijing, China 
seem BUILDING FUNCTION Office 

ARCHITECTURAL HEIGHT 234m 

NUMBER OF STOREYS 49 


STATUS Completed 
COMPLETION 2011 
ARCHITECT Office for Metropolitan Architecture 


STRUCTURAL ENGINEER | East China Architectural Design and 
Research; Ove Arup & Partners 
STRUCTURAL SYSTEM Trussed-tube system/composite 


OFFICIAL NAME Onterie Center 

LOCATION Chicago, USA 

BUILDING FUNCTION Mixed-use (Residential, office) 
ARCHITECTURAL HEIGHT 174m 

NUMBER OF STOREYS 58 


STATUS Completed 
COMPLETION 1986 
ARCHITECT Skidmore, Owings & Merrill (SOM) 


STRUCTURAL ENGINEER Fazlur Rahman Khan (SOM) 


STRUCTURAL SYSTEM Trussed-tube system/ 
reinforced concrete 


OFFICIAL NAME 780 Third Avenue Building 
LOCATION New York, USA 
BUILDING FUNCTION Office 

ARCHITECTURAL HEIGHT 174m 

NUMBER OF STOREYS 50 


STATUS Completed 
COMPLETION 1983 
ARCHITECT Skidmore, Owings & Merrill (SOM) 


STRUCTURAL ENGINEER — Rosenwasser/Grossman Consulting 
Engineers, P.C. 


STRUCTURAL SYSTEM Trussed-tube system/ 
reinforced concrete 
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Willis Tower (formerly Sears Tower) 
Chicago, USA 

Office 

442m 

108 

Completed 

1974 

Bruce Graham (SOM) 

Fazlur Rahman Khan (SOM) 
Bundled-tube system/steel 


Wachovia Financial Center 

Miami, USA 

Office 

233m 

DD 

Completed 

1983 

Skidmore, Owings & Merrill (SOM) 
Skidmore, Owings & Merrill (SOM) 
Bundled-tube system/composite 


One Magnificent Mile 

Chicago, USA 

Mixed-use (Residential, office) 
205m 

57 

Completed 

1983 

Skidmore, Owings & Merrill (SOM) 
Fazlur Rahman Khan (SOM) 


Bundled-tube system/ 
reinforced concrete 
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